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1.  INTRODUCTION 

Satellites employing infrared sensors are continually being launched by space agencies 

such as NASA and ESA and by the US DOD commiinity. The successes of IRAS, ISO, 

IRTS, and MSX have already produced enormous infrared databases. Consequently, there 

must now be greater emphasis on data verification, validation, and calibration issues to assure 

that these data sets are of sufficient reliability for application to the quantitative design of 

advanced spacebome sensors and systems. There is an iirgent need not only to rationalize 

infrared calibration and place it in a common and well-defined context, but also to provide a 

network of calibrators well distributed across the sky, with a common traceable pedigree. 

This network should be sufficiently populated to have a member relatively close to any 

arbitrary direction because satellites and aircraft cannot afford to slew through large angles to 

secure measurements of the few traditional calibration objects. Dynamic range, too, is an 

issue and such a network must include stars both fainter and brighter than today's popular 

"standards." 

The pmpose of this work is to develop a basis for irradiance calibration of space-based 

infrared sensors. It is an extension of previous work (Cohen, et al. Papers 1-9,1992-1998) 

that ftiUy defines the context of the calibration, and the concepts of spectral composites and 

templates. This work cukninated in the recent publication of An All Sky Network of 422 

Infrared Calibration Stars (Cohen, et al. 1999). Our approach is based on a self-consistent 

absolute framework within which radiometry and spectroscopy are unified, with wavelength 

coverage ideal for calibrating many satellite, airborne, and ground-based sensors. 

During the past year our work was concentrated in three areas: 

a) Data from the MSX/SPIRIT III CB06 celestial background calibration experiments 

were reduced, validated, and analyzed to produce a sub-network of calibration stars 

that was integrated into the previous network of 422 calibration stars. This sub- 



network was used to provide an independent check on the internal consistency of the 

infrared spectral templates used in the network, as well as add several new stars to the 

network. 

b) The absolute calibration of the infrared radiometry of the MSX Point Source Catalog, 

Version 1.2 (PSC1.2) was validated using two sets of calibration standards. The first 

was a subset of stars from the current all-sky network, while the second was a set of 

other stars that also support the ISO calibration. 

c) Data from the literature were assembled and analyzed to produce an independent set of 

calibrators selected to be among the IR-brightest sources in the sky rather than sources 

selected by specific optical type. This Air Force Bright Spectral Catalog (AFBSC), 

Version 1, although limited in both scope and accuracy, is particularly relevant to 

space-based programs, such as SBIRS, and to ground-based programs in the 20 ^im 

spectral region such as those to begin soon at AMOS using the new Air Force 

Laboratory 3.5 meter telescope. 

This report describes the methods, assumptions, and procedures used to accomplish the 

above work; and then discusses work that will be pursued in the coming year. 

2.   CELESTIAL BACKGROUND EXPERIMENT CB06 

The activities on the MSX Celestial Backgrounds Experiment, CB06, are discussed in 

detail in a preprint of Spectral Irradiance Calibration in the Infrared. XII. Radiometric 

Measurements from the Midcourse Space Experiment (MSX) that is included as Appendix A 

of this report, and that has been submitted to the MSX Program for approval and release. As 

soon as approval has been received, the paper will be submitted to the Astronomical Journal 

for publication. In Appendix A we describe the series of CB06 absolute stellar irradiance 

calibration experiments conducted by the Midcourse Space Experiment (MSX). These 

experiments validate the published absolute irradiances of our primary and secondary 

standards, namely a CMa and a set of bright K-M giant stars, and confirm their radiometric 



"closure" (relative irradiances). We also validate the absolute spectra of 28 of the fainter 

calibrators that have been previously published and create additional faint reference stars 

from the MSX data. This work underpins the absolute calibrators provided for DIRBE, IRTS, 

ISO, our all-sky network of 422 fainter calibration stars (Cohen et al. 1999: Paper X), and the 

MSX Point Source Catalog, Version 1.2.  There is no plan to pursue work on the CB06 data 

during the next year. Publication of the results will complete the effort. 

3.  RADIOMETRIC VALIDATION OF THE MSX POINT SOURCE CATALOG 

Our methods and approach to validating the radiometric calibration of the MSX Point 

Source Catalog, Version 1.2 (PSC1.2) are given in detail in the preprint Radiometric 

Validation of the Midcourse Space Experiment's (MSJQ Point Source Catalogs & the MSX 

Properties of Normal Stars, which is included as Appendix B of this report. This paper has 

been submitted to the Astronomical Journal for publication. In Appendix B we describe our 

methods to validate the absolute calibration of the infrared (IR) radiometry of the MSX Point 

Source Catalog, version 1.2 (PSCl .2). These are based upon stars drawn from our current 

all-sky network of absolute calibrators, and other stars that also support the calibration of 

ESA's hifrared Space Observatory (ISO) and of several other satellites. All four of MSX's 

mid-IR bands are entirely consistent with this network but the two narrowest bands (near 4.3 

^m) are discrepant by a few percent. This paper probes radiometry of fainter stars than those 

validated by an independent study of the primary and secondary MSX standards by Cohen et 

al. (2000). To provide the user of the PSCl .2 with a basis for comparison, we derive the IR 

properties of normal stars from measurements by MSX's infrared focal planes.  Publication 

of the above paper will complete the validation work on MSX PSC1.2.   MSX PSC2 has now 

been released. There should be no differences m the radiometric calibration from that in 

PSCl .2 with the exception of SPIRIT III Band B. We anticipate that we will attempt to 

revalidate Band B as part of the next years effort. 



4.  THE AIR FORCE BRIGHT SPECTRAL CATALOG 

The AFBSC is an independent set of calibrators selected to be among the IR-brightest 

sources in the sky. Our ultimate goal is to create complete (2-35 ^im) spectra for all stars 

brighter than zero magnitude in the infrared. 

AFBSC Version 1.0 is an extremely limited version that does not pretend to achieve the 

overall AFBSC goals either in quantity or quality of the sources. It is a result of an initial 

"testing of the waters" and serves a number of useful purposes. It alerts the systems designer 

to the potential bright calibrators that will be available to him for calibration of his 

spacebased, groundbased, and airborne ER. systems. The irradiance levels and dynamic range 

possible are well-defmed, even though many absolute irradiance levels have, at present, 

unacceptably large uncertainties for radiometric calibration. Many of these will still be useful 

astrometric calibrators and knowing the range of their irradiances will improve infrared 

acquisition by enabling discrimmation among multiple objects in the field. Furthermore, 

many stars are identified in this version that do have reliable and non-varying irradiances 

with acceptable uncertainties, and are immediately applicable for radiometric calibration. 

Finally, production of this version of the catalog has identified to the authors those stars that 

can be readily elevated to precise calibration status, and those that will require gargantuan 

efforts.  The AFBSC Version 1 consists of 111 8 ASCII files, one for each cataloged star, 

plus an Explanatory Supplement. The catalog embodies 116 non-variable stars of which 35 

are previously published "standards", 66 are K III stars, and 1002 are variable stars. Thirty- 

five stars from our previously published models, composites and templates are zero 

magnitude or brighter at 12 ^un. These have been included for convenience and 

completeness in the AFBSC Version 1 in their original published forms. 



Details concerning the catalog and its production are given in^^n Explanatory Supplement 

to the Air Force Bright Spectral Catalog, Version 1.0 that is included in Appendix C.  As 

has been mentioned previously, the AFBSC is an on-going program, and as such will occupy 

a major part of our effort during the next year. 

5.   ASTCAT VERSION 2.0 

ASTCAT Version 2.0 is a set of 306 data files containing the times and coordinates at 

which moving solar system objects were scaimed by MSX during the following data 

collection events (DCEs): CBOl, CB02, CB03, CB04, CB05, CB06, CB09, and DC34. The 

files also contain an identification of the object scaimed, a common name for the object, and 

an estimate of the irradiance m the SPIRIT HI radiometer bands. The files are intended to be 

used to associate MSX point source detections with possible measurements of asteroids, 

planets, and comets. The database we used mcluded the orbital elements of 12656 numbered 

asteroids, 17560 unnumbered asteroids, 173 comets, and 7 planets. 

The algorithms and software implementation have been documented previously as an 

add-on to the PL DAC pipelme processor called ASTID (Walker and Schlapfer, 1994). The 

only difference fi-om that software was the requirement to make the present software a stand- 

alone version producing association files that could be used in an off-line mode. This was 

successfully done for ASTCAT Version 1.  ASTCAT Version 2.0 benefits fi-om a fourfold 

increase in the number of asteroid orbital elements available in March of this year, as well as 

improved MSX definitive attitude files that are now available. The output format has been 

modified to include common names for all the objects scanned, thereby facilitating 

recognition of interesting objects. 

This work is considered complete and no additional work will be imdertaken during the 

coming year.  Although we have had no feedback on the success of ASTCAT Version 2, it 

would be seem that an MSX catalog of small solar system bodies detected would be of 

benefit to the scientific commimity. 



6.   FUTURE PLANS 

6.1    AFBSC 

In the coming year we will work toward two further releases of the AFBSC, Versions 1.1 

and 2.0. 

AFBSC Version 1.1- This release will be an extension of AFBSC 1.0 with the addition of 

those sources MSX observed but were not included in release 1.0. We have already extracted 

those MSX point sources brighter than zero mag. in bands A, Bl, B2, C, D or E, and have 

merged the lists of sources. However, this resulted in on the order of 6000 objects, of which 

about 4000 are Band-E only sources. We believe that it is prudent to reject such objects and 

work with the 1701 sources above the zero magnitude threshold in at least 2 MSX bands, so 

as not to overwhelm the catalog by long-wavelength-only or very red sources. 

The 1701 MSX sources have been compared with our basic list of 1638 IRAS sources and 

804 matches were found, leaving 834 MSX sources to be considered further. The 1701 have 

also been searched for in the IRAS PSC2 and 1523 were found associated vdthin a radius of 

30 arcsec. We have not yet searched the IRAS Low Resolution Spectra (LRS) database for 

these sources. However, we anticipate that many wall have useful spectra, since 1128 are 

among the original 2503 bright sources classified for the CBSD. Our main concern is 

confusion due to the large beam of the LRS and the high density of sources in the plane. 

Adding the MSX sources can be expected to increase the number in the catalog to about 

1900 sources. We target a release date for AFBSC Version 1.1 to about the middle of 

September 2000. 

AFBSC Version 2.0 - In this version the spliced LRS and SKY 4 spectra will be 

normalized to all the well characterized photometry available. This will give us a basis to 

better quantify the effects of variability on the irradiance from these sources (at least in the 

case where the shape of the star's spectrum is not variable). Thus our major effort will be to 



calibrate as much of the CIO photometry as possible. We will, at the same time, gather what 

information is available as to the phase of the photometric observations. 

We will also include many of the "problem" sources that we previously culled from 

Versions 1.0 and 1.1. Many of these sources could not be represented by any spectrum in the 

SKY4 library. We will create a new grid of model AGB spectra using the DUSTY code 

(Ivezic, et al., 1999) to provide a wider range of spectrum selection. We believe that this 

could increase the total nxmiber of AFBSC sources to a number greater than 2000. Our target 

for release of the AFBSC Version 2.0 is February 2001. 

6.2 SKY5 

We propose to develop a 5* version of the SKY model of the point source sky for release 

to AFRL under our current PRDA contract. The goal is to secure a version optimized for 

operation in the range 2-35 )xm. Upgrades to SKY4 embodied in SKY5 will include the 

following: a new extinction law; a more modem set of absolute magnitudes Mv; new space 

densities; a set of hardwired Mj and MK that are self-consistent with the current spectral 

library supporting the SKY code (through which it achieves its flexibility to handle arbitrary 

user-supplied passbands). In all other respects, SKY5 will behave as SKY4 and its code will 

be very similar. It will be tested against a variety of new deep star counts spanning the range 

from V through MSX Band-E to assure the adequacy of its performance and intended 

improvements over SKY4. 

We plan on two deliverables: the new code (LUM50 and all supporting programs and data 

files), and an explanatory document on the mechanics of using SKY5. We anticipate 

completing SKY5 by the end of January, 2001. 

6.3 Zodiacal Data Processing 

During the next year we will work on removing non-rejected Earth radiance (NRER) from 

MSX CBOl scans of the zodiacal dust near the Sun. Using Diffuse Background Files (DBF) 



generated at the PL DAC we will apply our model of the SPIRIT HI NRER, remove the side- 

lobe response to the Earth, and create a new set of DBFs cleaned of this sensor artifact to be 

returned to AFRL. The output file format will be the same as the DBF supplied. We will also 

docimient what was done and the model used. If time permits, we will create an ecliptic map 

of the zodiacal radiance seen by the CBOl 's. 

We will also extract zodiacal radiance data from the Lunar OAR experiment DC32. The 

basic products will be files of radiance produced by co-adding the pixels along each scan as a 

fimction of time and ecliptic coordinate for each band. The final files will be at the 

maximum spatial resolution consistent with good SNR. We will attempt to remove the off 

axis radiance due to the Moon as appropriate. If time permits we will produce maps of the 

coadded scans and look for fine structures in the dust radiance. All procedures and models 

used will be fully documented. 
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ABSTRACT 

We describe the series of absolute stellar irradiance calibration experiments 

conducted by the Midcourse Space Experiment (MSX). These experiments 

vaUdate the published absolute irradiances of our primary and secondary 

standards, namely a CMa and a set of bright K-M giant stars, and confirm 

their radiometric "closure" (relative irradiances). We also validate the absolute 

spectra of 28 of the fainter calibrators that have been previously published and 

create additional faint reference stars from the MSX data. This work vmderpins 

the absolute cahbrators provided for DIRBE, IRTS, ISO, our all-sky network 

of 422 fainter calibration stars (Cohen et al. 1999: Paper X), the MSX Point 

Source Catalog, and is now being extended to accommodate calibrators for 

SIRTF. 

Subject headings: infrared:  stars — methods:  analytical — techniques: 

spectroscopic - stars: late type - astronomical databases: miscellaneous 
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1. INTRODUCTION 

The Midcourse Space Experiment (MSX) was initiated by the Strategic Defense 

Organization and flown by its successor entity, the Ballistic Missile Defense Organization. 

Mill et al. (1994) describes the MSX mission and the responsibihties of the eight PI teams. 

The infrared mstrument on MSX, the SPatial InfraRed Imaging Telescope, or SPIRIT 

III, had two telemetry rates with several gain states in each to accommodate the widely 

diverse experimental objectives and the large range of backgrounds, from the hard Earth 

to space, that a given MSX observation, called a Data Collection Event or DCE, might 

encounter. An internal scan mirror was used with the high telemetry rate to rapidly sweep 

the five hne-scanned focal plane arrays over 0.5° x 1° to 1.5° x 1° fields of regard. Most of 

the on-orbit calibration and instriunent performance assessment observations were taken 

in the mirror-scan mode.  All the astronomy experiments (Price et al.  1996) used the 

more sensitive mirror-fixed, low telemetry rate observing mode with spacecraft motion 

sweeping the Une-scan arrays across the sky. The three lower gain, mirror-fixed modes, 

designated EL4, EL16 and EL16-I-, reduce the gain by nominal factor of four, 16 and 64, 

respectively. The 12-bit telemetry word has a dynamic range of ~4000 in the highest gain, 

and gain ranging gives a total dynamic range of ~ 3 x 10^. All the muror-fixed gain states 

were used at one time or another to accommodate the very large dynamic range of the 

calibration standards adopted for the MSX Stellar Standards Experiment. To assure that 

all the experiments had the same calibration pedigree, MSX's Data Certification PI team 

coordinated the calibration of the instrument over its full range of operating parameters, 

that is, all gain states in both mirror-fixed and scanning mode, as a function of focal 

plane temperature. The Data Certification team conducted several hundred calibration 

and performance assessment measurements during the cryogen phase of the mission. 

Consequently, a large fraction, fully a quarter, of the DCEs obtained during the cryogen 

phase of the mission were devoted to the calibration and performance assessment of the 

14 



infraxed instrument. Egan et al. (1999) provide more details on the SPIRIT III instrument 

and its ground-based and on-orbit calibration. In this paper we describe our efforts: (1) 

to validate, in space, the reference stellar spectra that support the absolute calibration of 

DIRBE, IRTS, and ISO through previously pubhshed absolute spectra for a number of 

different spectral tj^jes of calibrators; and (ii) to create several new, complete (1.2-35 (j,m), 

absolutely calibrated, "template" spectra. 

The MSX astronomy experiments were designated CB-01 through CB-11 with the 

number reflecting the relative mission priority.   We describe results from the CB-06 

"Celestial Radiometric Standards" experiment in this article. Each CB-06 DCE obtained 

observations on a triad of stars, generally a fiducial reference star, flanked by two fainter 

stars that we wished to make into calibration sources.  A DCE lasted about 30 min 

during which time we moved the spacecraft so that each star traversed the focal plane 

in a raster pattern of 0.75° amplitude, with small (200 /zrad) cross-scan steps at each 

turnaround. Measurements of the dark currents of all focal plane pixels were made during 

every turnaround. Observations of a diffuse internal calibration stimulator were made at 

the begixming and end of each, set of 20 raster legs. The pattern used for the 20 raster legs 

per star involved 10 scans, a cross-scan offset of about 0.5° and another 10 scans. This 

large offset was necessary to sample the two narrowband, short-wavelength arrays (so-called 

"Bi" and "B2" bands) which each span only half the focal plane height, whereas the other 

four bands have full-height columns of 192 - 18.3" pixels. The structure of a triad means 

that we rely on the stability of the focal plane arrays for only about a 15-min period either 

to compare the irradiances of each fainter star with the bright reference star, or to assess 

absolute irradiances. 

Table 1 Usts the absolute attributes for zero magnitude for the six SPIRIT III infrared 

bands and relates lettered Band designations to their Isophotal wavelengths for our standard 
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Kurucz model spectrum of Sirius (Cohen et al. 1992). 

Table 2 lists the 24 CB-06 DCEs conducted during the cryogenic phase of the mission. 

Owing to the relative priority of the CB-06 experiment, many of the DCEs were obtained 

late in the mission. Unfortunately, the SPIRIT III focal plane warmed up toward the end 

of the cryogenic phase of the mission to the point where the temperatures exceeded the 

Umit below which the ground-based and on-orbit absolute radiometric calibration and the 

attendant uncertainties were determined and considered vahd. An assessment of data from 

all the astronomy experiments also indicates a marked decline in data quality the last week 

of cryolife, beginning at about CB0623. Thus, almost a third of the observations had to 

be rejected because the uncertainty assigned to the radiometry was too large to produce 

meaningful results. Fortunately, we were able to accomphsh all of the major objectives of 

this experiment with the remaining DCEs. 

2. DATA PROCESSING 

The MSX program tasked the SPIRIT III sensor manufacturer, the Space Dynamics 

Laboratory of the Utah State University, to develop the data processing pipeUne routine 

that corrects for instrumental effects on the data.  This routine, designated standard 

CONVERT (we use the penulthnate version - CONVERT 6.22), effectively linearizes the 

raw Level lA telemetry data generating Level 2 data. The standard CONVERT routine 

subtracts the dark offset, corrects for the non-linear response of the detectors at large 

dynamic range values, flat-fields the data and corrects for trends in the array response as 

a function of focal plane temperature. The next step in the process is to apply an array 

response value to convert the data into Level 2A output as band-integrated calibrated 

radiance (units of W cm"^ sr"^). The CONVERT processing has a final module, canonical 

CONVERT, that images the Level 2A data in focal plane coordinates and extracts point 
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sources from the result.  Using this routine produced unacceptably large variations in 

photometry from scan leg to scan leg.  Canonical CONVERT was originally coded for 

mirror-scan mode and subsequently modified for mirror-fixed data. It impUcitly assumes a 

constant scan rate, a condition not met in the CB-06 DCEs. 

Therefore, we extract the photometry of the star from images we create in 

celestial coordinates using Interactive Data Language (IDL) routines we developed 

specifically for that purpose. The Level 2A Extended Source Files are processed through 

POINTING-CONVERT 6.0, which assigns a position to each data value from the definitive 

attitude file created from the spacecraft attitude control and star-tracker information. The 

resulting Extended Source MAP file of time-tagged data values of radi.ince and celestial 

position for each leg of the raster scan is archived on tape.  Each MAP file contained 

information on one star in one spectral band for one raster scan leg. The next step is 

to construct an image from each MAP file using an IDL routine we label CB06FINAL. 

CB06FINAL created an image of each scan in a 3° x 3° window centered on the targeted 

star. The grid coordinates were Right Ascension and Declination, and the grid spacing was 

9". The window was larger than the nominal 1° x 0.75° scanned region to allow for an 

arbitrary scan angle, cross-scan steps, and the shift from observing the star in the upper 

third of the detector columns to the lower third. 

Using the MAP file, a single (virtual) column unage was created, and the noise, 

residual dark offset, and background radiance were measured for each pixel of the column. 

This was repeated for each column in the detector array for that band. A column image is 

simply the time history of the pixels' responses during the scan. The noise estimated here 

is essentially the sum of the dark noise, the photon noise from the mean background, and 

any noise due to radiance structure in the background. It does not include a significant 

amount of photon noise from bright sources. Dark offset and background radiance were uut 
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separated, but were estimated as a total baseline offset. This was done by fitting a least 

squares first or second order polynomial to the pixel time history. The linear fit was used 

for observations taken in gain states EL16 and EL16+ used for the brightest stars where the 

bit size exceeded the rms noise of the sensor. Point sources and gUtches were eUminated by 

rejecting outliers more than 2.5a from the fit. Pixels with excessive noise were flagged and 

ehminated before image construction. The respective baseUnes were subtracted from the 

pixel outputs and the result weighted by the inverse variances and binned into the Right 

Ascension and Declination grid. Images of both the radiance and the standard deviation of 

the radiance were constructed. Sub-images 1.75° x 1.75° centered on the target star were 

selected and written to FITS files. 

The procedure PHOTOMETER_CB06 performed aperture photometry of the target 

stars. The FITS images firom CB06FINAL were read by the procedure, cleaned of any 

single pixel events (spikes) that were present, and sub-arrays (101x101 pixels) centered on 

the star were selected for photometry of both source and background. 

Aperture photometry was implemented using two techniques (Da Costa 1992; Stetson 

1990):  1) the curve-of-growth method; and 2) the photometric profile method.  The 

curve-of-growth method sums the radiance within a set of circular apertures of increasing 

radius centered on the star. If the baseline is truly zero, and in the absence of noise, the 

curve-of-growth will reach an asymptotic value when all the flux from the star has been 

included. The value of the asymptote can be taken as a measure of the brightness of the 

star. This method is useful for bright stars observed at a high signal-to-noise ratio (SNR). 

For faint stars the addition of the noise at large radii dominates the curve-of-growth process. 

The peak SNR for the stars we observed with SPIRIT III in CB-06 usually occurred at 

a radius of about 3 pixels from the star. The basis of the photometric profile method is 

that the shape of the curve-of-growth is determined uuly by the point lesponse function 
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(PRF) of the telescope-detector system. Therefore, a measurement of the flux at optimum 

SNR can be corrected to the asymptotic value of the flux using the known curve-of-growth. 

Photometric profiles for each band were derived from observations of a Tau and a Boo, 

two of the three brightest stars in our set. In practice, the mean baseline of the sub-axray 

is never exactly zero and an asymptote will never be reached. The curve-of-growth will 

continue to rise if the residual is positive, and will roll over and decrease if the residual is 

negative. To address this problem we iterated the mean baseline to bring the slope of the 

curve-of-growth to zero in the region 24 to 50 pixels (216" to 450") from the star. Two 

to three iterations were usually sufiicient for convergence to within a small fraction of the 

noise. 

The cleaned 101x101 pbcel sub-arrays (0.25° x 0.25°) for flux and noise were saved 

as FITS images to be used for later coaddition.  Pertinent information, such as scan 

number, name of flux and noise files used, median noise, residual background, source 

coordinates, irradiance of the target star determined from the curve-of-growth, the complete 

curve-of-growth, and the irradiance from the photometric profile method, were written to a 

photometry file. 

The sub-arrays were then coadded using an interactive program, which displayed 

the entire set of both flux and noise images of each scan leg. Both mean and standard 

deviation images are produced in the coadd process and archived in FITS format. Aperture 

photometry was then performed on the target star in the coadded image using the same 

methods as used on the single scan images. The photometry from the coadded images is 

our principal result, with the photometry of the single scans providing a valuable check on 

the entire process. 

Figure 1 illustrates a set of these coadded images for a Lyr, in all six radiometer 

bands. We chose this star because it is not particularly bright at the longer wavelengths 
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and, therefore, gives a fair representation of the noise associated with the coadded frames. 

We were able to reconcile the irradiance values from the coadded images with the 

formal averages of the irradiances values from the images of the indi\idual raster legs, 

after removing statistical outliers due to poor, noisy images by applying the theory of 

ordered statistics (Blora 1958; Mandel 1964). The irradiances calculated from the coadded 

images are the fundamental quantities that we have used in both the absolute and relative 

calibration experiments analyzed below. 

3. ABSOLUTE IRRADIANCES OF THE SET OF COMPOSITES 

Of primary importance was the direct comparison between measured and predicted 

absolute irradiances for those "composites" observed by MSX. The term "composite" 

denotes a star whose 1.2-35 /zm spectrum has been fully observed in distinct segments 

and those segments have been assembled into a complete, continuous composite spectrum 

(Cohen, Walker k Wittebom 1992: CWW). Composites constitute the secondary reference 

stars in our scheme, being derived firom our primary, a CMa. In this section we analyze the 

ratios of observed irradiances to those expected by integration of the SPIRIT III relative 

response curves over our published absolute stellar spectra. These ratios are available for a 

total of 23 to 26 measurements m each of the 6 bands based on the set of stars: Q BOO, Q 

CMa, a Lyr, a Tau, /? And, /3 Gem, 0 Peg, 7 Cru, and 7 Dra. Table 3 presents these ratios 

for all combinations of DCE, star, and band. 

If one isolates a single star, e.g. a Boo, then one finds irradiance values assessed from all 

the measurements within CB-06 with a spread, defined as (maximum-minimum)/average, 

of about 8-10 percent even in Band-A, the most sensitive band. Within a single DCE, the 

typical spread of irradiance values for one of the composites in Band-A, -C, and -D is about 
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10-20 percent, rising in Band-Bi, -B2, and -E to 25-50 percent. Tables 4-9 summarize 

these spreads over the entire experiment, broken out by band, based on the ensemble of 

observed mean values for all DCEs on a given star, together with the average ratios of 

(observed/expected) irradiance for each stai separately. All ensemble averages are formed 

by inverse variance weighting of the individual results. 

Table 10 summarizes the well-determined average ratios of the irradiances for all the 

6 bands, combining all the results from the ensemble of 9 bright reference stars to assess 

the absolute calibration in each band. We find excellent accord between measurement 

and expectation, thereby vaMdating the absolute radiometric accuracy of this set of 9 

fiduciary stellar spectra as follows: insignificantly different from expectation for Band-A 

(0.2±0.3 percent) and -C(0.9±0.5 percent); within 2.2±0.7 percent in -D, 2.6±0.8 percent 

in -Bi, 3.4±0.7 percent in -B2, and 8.1±1.9 percent in -E (not in Tabia 10: see below). 

The value for Band-E may be biased upward by the inclusion of Vega's irradiance ratios 

because the known cool dust emission in this star is apparent longward of about 17 

/xm.  Eliminating Vega, in Band-E only, leads to a weighted mean ratio for Band-E of 

(observed/expected)=1.075±0.019, or 7.5±1.9 percent, 4cr different from unity. Only in 

Band-E does Vega give an irradiance ratio statistically significant from 1, in accord with 

what is known already of the character of Vega's cool dust excess. 

4. "CLOSURE" OF THE SET OF COMPOSITES 

Another way to analyze CB-06 is by seeking "closure" among the set of 9 stars 

expressed in terms of the relative irradiances of one star to another. The first two DCEs 

of CB-06 involved triads consisting entirely of bright secondary standards.  Analysis of 

these enables us to investigate the relative photometry of the composites observed. We 

have been able to compare 7 Cru, (3 Peg, 7 Dra, and a Lyr with a Boo, by comparing the 

differences in magnitudes observed with the differences in magnitudes that we expected. 
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For this ensemble of 5 stars we find closure in that the inverse-variance weighted average 

discrepancy in magnitude differences is insignificantly different from zero for all bands. 

Table 11 presents these results for individual stellar pairs, while Table 12 summarizes the 

results derived from this ensemble of all pairs (with respect to a Boo) on the relative closure 

of this subset of 5 stars. 

Note that there are appreciable uncertainties in the predicted magnitude differences in 

Band-Bi and -B2 (Table 11). These arise because the in-band regions of these extremely 

narrow filters were designed to probe the very strong, terrestrial CO2 absorption. Even 

from the altitudes attained by the Kuiper Airborne Observatory (KAO), these spectral 

regions were usually opaque. Consequently, there are portions of our empirical (composite) 

spectra of the bright K- and M-giants that could never be observed through the saturated 

CO2 bands, and neighboring regions in which KAO spectra were obtained, but to which 

we conservatively assigned large uncertainties (10 percent: see CWW). These difficulties, 

coupled with the intrinsic steep decUne of these cool stellar spectra into the CO fundamental 

band near 4.7 //m, result in sizeable imcertainties in predicted irradiance in Band-Bi and 

-B2. These uncertainties in no way reflect on the capabiUties of SPIRIT III but, rather, 

represent empirical constraints in our composite spectra. 

To provide a more stringent test of MSX data in these bands requires reUance on 

models, rather than empirical spectra, of hotter stars (types A-F), in which no such 

molecular features occur. Indeed, the predicted uncertainties in Bj- and B2-magnitudes 

for our Kurucz Vega and Sirius models are only 0.020'", quite indistinguishable from the 

uncertainties in Band-A, -C, -D, -E. Consequently, in their independent examination of 

the accuracy of the MSX Point Source Catalogs (version 1.2: Egan et al. 1999), Cohen, 

Hammersley & Egan (2000) investigate the photometry of stars over a wide range of 

spectral types in order to assess performance in Band-Bi and -B2, rather thaji relying solely 
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on composites and templates. Nonetheless, as Table 12 indicates, we have been able to 

validate the magnitude differences among 5 fiducial stars using CB-06, even in Band-Bi and 

-B2, albeit at the level of ~ 0.05™. 

We included some stars multiple times within CB-06, deUberately repUcating DCEs 

on different dates to study the long-term reproducibihty of SPIRIT III measurements. 

However, high noise afflicted several of these repeated measurements. We can say only 

that three twice-detected stars rephcate their Band-A magnitudes within 0.026"* (r^ Ari), 

0.044"* (31 Ori), and 0.057"* {6 Lep). 

5. VALIDATING AND CREATING TEMPLATES 

Of the 37 fainter stars that were observed in CB-06, seven were lost due to the poor 

performance near the end of cryolife. Two of the stars that were measured in CB-06, HD 

91504=SAO222136 and HD 64144=26 Lyn, are actually of type K4III and, as such, are 

not formally templatable yet (i.e. we have never been able to assemble a complete, purely 

empirical, 1-35 //m spectrum for any exemplar of this type). The remaining 28 objects 

were among the 422 templates published in Paper X but, of these, seven were published 

solely on the basis of IRAS photometry, and another 16 were anchored only by IRAS and 

CalTech Two Micron Sky Survey (TMSS) K data. The relatively large uncertainties of 

their IRAS and TMSS photometry miUtate against well-determined scale factors. Thus, 

we could potentially validate and improve upon the quality (i.e. reduce the bias) of all 28 

previously calibrated templates, substantially so in the case of 23. 

In order to vahdate pubUshed templates, we will use solely CB-06 photometry to 

recreate templates for these same stars, and compare the space-based scale factors and 

biases with those pubhshed in 1999.  Table 13 presents all usable radiometry from this 
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experiment on the fainter calibrators, in the form of magnitudes in the SPIRIT III bands 

(cf. Table 1). 

Table 14 Usts the HD numbers of all stars templated in this paper with links (in the 

electronic version) directly to the actual calibrated spectra, along with their radiometrically 

determined ang\ilar diameters (cf.  Paper X). Table 14 offers the new multipliers and 

uncertainties (in the third and fourth columns, respectively) derived by templating the 

28 stars solely using measurements in Table 13 and compares these values with those 

previously obtained using combined ground- and space-based (IRAS and/or DIRBE) 

photometry (in the fifth and sixth columns). We define template "validation" to mean 

that the multiplieriuncertainty values, determined from MSX radiometry alone, and those 

pubUshed in Paper X, using all photometry available at that time, overlap. For 27 of the 28 

stars in Table 14 we can say that these overlaps are at less than the la level. For one star, 

45 Eri, the mean scales overlap at the 1.4or level, perhaps as a consequence of the scattered 

provenance of this star's 4 usable measurements over 3 separate DCEs. Nonetheless, all 28 

published templates are well-validated by MSX-only data drawn from CB-06. Consequently, 

the seventh and eighth columns of Table 14 give the new scale factors and reduced errors 

that result from refitting each stellar template to all the photometry available, including 

the MSX CB-06 measurements. 

Thus, Table 14 implies that, for 28 stars, we have validated previous (Release 2.1: 

Paper X) absolutely calibrated templates and have generated new (Release 2.2: the current 

paper) absolute spectra with improved template biases (i.e.  reduced uncertainties in 

reddened template multipliers) for all these stars compared with our earlier products. 

Figure 2 illustrates 8 of these Release 2.2 templates, presenting all the supporting 

photometry used to normalize the reddened templates. Note the excellent accord between 

the SiO fundamental (near 8.2 fim) in these templates and the precision radiometry in 
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Band-A. 

6.    A GLOBAL PERSPECTIVE ON SPIRIT III MEASUREMENTS 

THROUGH CB-06 

The CB-06 DCEs sample the entire cryogenic phase of the MSX mission, from 10 days 

after the initial performance and vaUdation commissioning of the spacecraft to the last day 

of cryogen. Therefore, it is important to attempt to determine if any long-term trends are 

present in the CB-06 results arising from the secular increase in focal plane temperature. 

Complicating the issue is that shorter term focal plane temperature changes are imposed on 

this long-term trend, the amplitude of which depended on the length of time that a DCE 

preceding a CB-06 observation looked at the hard Earth. Schick and Bell (1997) speculated 

on the reasons why the SPIRIT III instrument was more susceptible to thermal pulses and 

why the focal plane temperatures were higher and rose faster than predicted. The focal 

plane temperature monitors indicate that the temperatures for the CB-06 DCEs increased 

in a fairly monotonic fashion throughout the mission. The Band-B focal plane temperature 

monitor indicated that the focal plane temperatures during the CB-06 DCEs increased 

fairly monotonically throughout the mission, rising from 11.2K for the first CB-06 DCE to 

13.5K for the last event obtained 9.5 months later. The Band-B temperature monitor was 

found to be both more accurate and precise than those on the other focal plane modules. 

We have been unable to discover any patterns hnking the accurrxy of CB-06 

measurements with focal plane temperatures or mission time. For example, working from 

our published faint spectral templates, we have calculated the differences between expected 

magnitudes and those actually observed for the faint stars within the triads of CB-06. These 

differences show no trends with time or temperature. However, if we assess the performance 

throughout CB-06 by the mean difference for any band, using inverse-variance weighting, 

we find no statistically significant offsets for any band. These mean magnitude differences, 
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(observed-calculated), are: -.005±0.002 (Band-A), -.005±0.073 (-B1), -.033±0.022 (-B2), 

+0.036±0.012 (-C), +0.007±0.013 (-D), and +0.004±0.033 (-E). 

Overall, we find very satisfactory accord between observation and expectation, in all 

six radiometers, and this is as true for the brightest as for the faintest stars studied in this 

experiment. 

7. CONCLUSIONS 

If we compare the observed irradiances with those predicted pre-launch from our 

published model, composite, and template stellar spectra, in each of the six bands, there are 

clear relationships with slopes essentially unity and offsets essentially zero. Table 15 presents 

these parameters, defined by least-squares fitting in Unear-Unear space, using the absolute 

irradiances and their uncertainties appropriately. Note that Figures 3-8 are presented in 

log-log space because the many faint stars would not otherwise be distinguishable as the 

bright fiducial stars dominate most of the dynamic range plotted. All stars measured from 

DCEs CB0604 through CB0626 were used to define these trends, and each is plotted with 

error bars corresponding to its Icr absolute uncertainties. The fact that we have been able 

to validate the previously published (Paper X) famt stellar templates, by means of SPIRIT 

III, justifies our inclusion of their predicted irradiances in this analysis. 

Using solely the absolute radiometry from one particular experiment on MSX we have 

achieved the following: 

1) absolute validation of our pubhshed calibrated spectra of 9 brigiit reference stars to 

< 1 percent (Band-A,-C), ~ 2 percent (-D), ~ 3 percent (-Bi,-B2), and 7-8 percent (-E); 

2) vahdation of the relative calibration of 5 stellar composites or models: 7 Cru, 0 Peg, 

7 Dra, Q Lyr, and a Boo; 
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3) validation of 23 previously released calibrated stellar templates; 

4) the creation of 28 new, improved calibrated templates, available by links in the 

electronic version of this paper. 

The primary consequence of these absolute validations is that these same stellar 

spectra furnished absolute references for the calibration of DIRBE (Bands 1-5), the Near- 

and Mid-Infrared Spectrometers on the Infrared Telescope in Space, ESA's Infrared Space 

Observatory, as well as MSX's Point Source Catalogs and its Atlas of the Galactic Plane 

(images). Our framework unites spectroscopy and photometry in a self-consistent fashion 

and will embrace the calibrators for SIRTF's instrmnents in future papers of this series. 

This work was supported under contract F19628-98-C-0047 with VRI by the Air 

Force Research Laboratory, who also provided the Level lA raw data tapes for the CB-06 

experiment. We are grateful for the loan of an SGI Indigo computer by Alan Thurgood of 

the Space Dynamics Laboratory, Utah State University. 
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Table A-1: Zero Magnitude Attributes of SPIRIT III Bands 

Filter Bandwidth In-Band FA(tso) A(iso) Bandwidth ^ i/{i3o) 1/(180) 

pm Wcm-2 W cm"^ iJ,m~^ /xm Hz Jy Hz 

Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 

fim Wcm-2 W cm~^ fim~^ fim Hz Jy Hz 
Bi 0.1036 3.279E-16 3.165E-15 4.294 1.685E+12 194.59 6.979E+13 

0.0012 6.075E-18 5.094E-17 0.0177 1.917E+10 3.134 5.818E+11 

B2 0.1794 5.364E-16 2.989E-15 4.356 2.840E+12 188.84 6.875E+13 

0.0018 9.415E-18 4.129E-17 0.0153 2.775E+10 2.606 4.866E+11 

A 3.3620 8.196E-16 2.438E-16 8.276 1.402E+13 58.485 3.715E+13 
0.0124 1.225E-17 1.189E-18 0.0103 4.632E+10 0.269 8.840E+10 

C 1.7205 9.259E-17 5.382E-17 12.126 3.493E+12 26.506 2.477E+13 

0.0267 1.917E-18 1.150E-18 0.0642 5.239E+10 0.556 2.593E+11 

D 2.2344 5.686E-17 2.545E-17 14.649 3.109E+12 18.288 2.050E+13 

0.0669 1.767E-18 1.034E-18 0.1490 8.887E+10 0.725 4.132E+11 

E 6.2440 3.555E-17 5.694E-18 21.336 4.041E+12 8.799 1.418E+13 

0.3298 1.667E-18 3.935E-19 0.3705 1.942E+11 0.577 4.598E+11 

Table A-2: Details of MSX's "CB-06" Experiment 
DCE Date/UT Star-1 Star-2 Star-3 

CB0604 96/06/21/04:14:36 7Cru Q Boo /3Peg 
CB0605 96/07/03/04:56:49 a Boo 7 Dra aLyr 

CB0606 96/10/08/04:47:36 SA0248381 aLyr 42 Dra 

CB0607 96/10/14/03:48:02 IRC+50004 SA0783 /3Gem 

CB0608 96/12/31/06:14:44 aAri /3And 4UMi 

CB0609 97/01/14/07:02:21 60 And aTau 16Aur 

CB0610 97/01/20/01:43:02 SA0195639 aCMa 45Eri 

CB0613 97/01/27/17:16:02 GL4509S aCMa TT^ Ori 

CB0614 97/01/28/04:24:05 31 Ori a Tau 40 Cam 

CB0615 97/01/29/00:56:19 ;9Col aTau L AUT 

CB0616 97/02/01/00:35:02 ySVol aCMa 24 Per 

CB0617 97/02/02/00:38:02 72 Vol aCMa r2 Ari 

CB0618 97/02/04/01:01:02 S Lep aCMa 31 Ori 

CB0619 97/02/04/04:29:16 <5Lep aCMa 45Eri 

CB0620 97/02/03/00:13:02 24 Com a Boo SAO250019 

CB0621 97/02/08/01:01:47 SA0223297 aCMa r^Ari 

CB0622 97/02/10/14:10:02 6Dra a Boo SA0222136 

CB0623 97/02/15/11:43:02 SA0249451 aCMa 56 Ori 

CB0624 97/02/16/11:48:02 7 Pic aCMa 45 En 

CB0625 97/02/23/13:17:02 pSer Q Boo 51 Hya 

CB0626 97/02/24/13:20:02 pSer a Boo 51 Hya 

CB0631 97/02/24/16:37:54 26Lyn a Boo IRC+10266 

CB0632 97/02/25/00:33:21 6 Pup a CMa 18 Mon 

CB0633 97/02/25/16:54:52 32 Com QBOO SAO250979 
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Table A-3: Absolute Irradiance Ratios, (observed/expected), for the Ensemble of Bright Fiduciary- Stars 
DCE# Star Band-Bi Baiid-B2 Bajid-A Band-C Band-D 

1.027±0.035 
Band-E 

04 7Cru 0.926±0.055 0.937±0.050 0.936±0.019 0.945±0.025 1.036±0.059 
04 a Boo 1.017±0.064 0.987±0.054 1.002±0.018 0.948±0.022 1.033±0.035 1.003±0.050 
04 ;8Peg 0.874±0.063 0.964±0.070 1.038±0.020 1.068±0.026 1.073±0.036 1.082±0.0o6 
05 Q Boo 1.006±0.067 0.971±0.054 0.999±0.019 0.937±0.022 1.023±0.034 0.992±0.048 
05 7 Dra 1.139±0.156 l.OlliO.lll 0.975±0.011 0.985±0.019 1.008±0.033 1.035±0.060 
05 Q Lyr 0.985±0.049 1.032±0.055 1.026±0.017 1.000±0.040 1.095±0.050 1.048±0.149 
06 Q Lyr 1.017±0.064 1.034±0.058 1.020±0.016 1.064±0.032 1.044±0.052 1.306±0.110 
07 iSGem 0.982±0.153 0.966±0.112 0.976±0.020 1.017±0.025 1.005±0.037 1.185±0.072 
08 /3And 0.937±0.042 0.938±0.026 0.964±0.017 1.027±0.022 1.001±0.033 0.972±0.059 
09 oTau 0.992±0.064 0.999±0.058 0.962±0.018 1.048±0.027 1.038±0.035 1.053±0.054 
10 oCMa 1.112±0.024 1.020±0.039 1.019±0.017 1.068±0.026 1.037±0.034 1.072±0.136 
13 oCMa 0.801±0.073 0.962±0.029 1.019±0.016 1.041±0.036 1.014±0.036 1.099±0.060 
14 oTau 1.083±0.068 0.971±0.054 0.976±0.017 1.040±0.025 1.023±0.035 1.064±0.053 
15 oTau 1.023±0.072 1.013±0.061 0.959±0.019 1.004±0.027 1.021±0.036 1.110±0.059 
16 oCMa 1.054±0.025 1.029±0.057 1.026±0.017 0.992±0.025 1.015±0.043 1.112±0.066 
17 oCMa 1.198±0.026 0.895±0.038 0.995±0.016 1.050±0.038 0.984±0.038 1.047±0.166 
18 oCMa 0.980±0.025 0.924±0.020 1.022±0.015 0.965±0.021 1.030±0.042 1.201 ±0.178 
19 oCMa 0.896±0.021 0.967±0.039 1.006±0.017 1.008±0.027 1.056±0.039 1.070±0.056 
20 Q Boo 1.052±0.067 0.979±0.051 0.978±0.018 0.988±0.025 1.013±0.036 1.051±0.056 
21 aCMa 1.032±0.025 0.970±0.021 1.013±0.015 1.013±0.076 1.010±0.042 1.018±0.141 
22 QBOO 0.983±0.064 0.988±0.054 0.985±0.020 0.990±0.022 1.014±0.035 1.125±0.063 
23 aCMa 1.137±0.031 0.972±0.022 1.010±0.016 1.001±0.022 1.065±0.035 1.238±0.084 
24 aCMa 0.946±0.089 0.982±0.020 1.004±0.017 0.975±0.044 0.971±0.031 1.155±0.093 
25 Q Boo 1.019±0.018 0.935±0.021 1.028±0.038 1.322±0.065 
26 Q Boo 0.999±0.020 0.885±0.026 1.013±0.043 
31 Q Boo 1.014±0.017 0.943±0.029 1.000±0.033 
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Table A-4: Spreads & Irradiance Ratios for Bright Reference Stars, in Band-Bi After Rejection of Outliers 
Star      #    spread(%)    weighted average       cr ~ 

a Boo 4 6.8 1.014 0.033 
aCMa 9 39 1.039 0.009 
a Lyr 2 3.2 0.997 0.039 
aTau 3 8.8 1.031 0.039 
/3And 21 0.937 0.042 
/?Gem 38 0.982 0.153 
13 Peg 7.0 0.874 0.063 
7 Cru 13 0.926 0.055 
7Dra 39 1.139 0.156 

Table A-5: Spreads & Irradiance Ratios for Bright Reference Stars, in Band-B2 After Rejection of Outliers 
Star # spread (%) weighted average a 

Q Boo 7 1.7 1.000 0.007 
aCMa 9 14 1.013 0.007 
oLyr 2 0.2 1.023 0.012 
aTau 3 4.2 0.966 0.010 
(3 And 8.1 0.938 0.026 
/3Gem 22 0.966 0.112 
13 Peg 15 0.964 0.070 
7 Cru 20 0.937 0.050 
7 Dra 36 1.011 0.111 
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Table A-6: Spreads k Irradiance Ratios for Bright Reference Stars, in Band-A After Rejection of Outliers 
Star # spread(%) weighted average (7 

Q Boo 7 4.1 1.000 0.007 
aCMa 9 3.1 1.013 0.007 
Q Lyr 2 0.6 1.023 0.012 
oTau 3 1.8 0.966 0.010 
/3And 14 0.964 0.017 
/3Gem 10 0.976 0.020 
iSPeg 13 1.038 0.020 
7Cru 15 0.936 0.019 
7 Dra 13 0.975 0.011 

Table A-7: Spreads & Irradiance Ratios for Bright Reference Stars, in Band-C After Rejection of Outliers 
Star      #    spread (%)    weighted average       a 

a Boo 7 11 
oCMa 9 10 
Q Lyr 2 6.2 
QTau 3 4.3 
/3And 5.3 
(3 Gem 26 
/3Peg 13 
7 Cru 11 
7 Dra 16 

0.948 0.009 
1.007 0.010 
1.039 0.025 
1.031 0.015 
1.027 0.022 
1.017 0.025 
1.068 0.026 
0.945 0.025 
0.985 0.019 
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Table A-8: Spreads & Irradiance Ratios for Bright Reference Stars, in Band-D After Rejection of Outliers 
Star # spread(%)    weighted average       a 

a Boo 7 3.2 
a CMa 9 9.2 
Q Lyr 2 4.8 
a Tau 3 1.7 
P And 1 15 
P Gem 1 22 
/? Peg 1 13 
7 Cm 1 13 
7 Dra 1           22  

1.017 0.014 
1.019 0.012 
1.071 0.036 
1.027 0.020 
1.001 0.033 
1.005 0.037 
1.073 0.036 
1.027 0.035 
1.008 0.033 

Table A-9: Spreads & Irradiance Ratios for Bright Reference Stars, in Band-E After Rejection of Outliers 
Star # spread(%) weighted average a 

Q Boo 5 30 1.074 0.025 
a CMa 9 20 1.112 0.028 
a Lyr 2 22 1.215 0.088 
a Tau 3 5.3 1.074 0.032 
ySAnd 42 0.972 0.059 
/SGem 44 1.185 0.072 
/SPeg 25 1.082 0.056 
7 Cm 17 1.036 0.059 
7 Dra 50 1.035 0.060 

Table A-10: Closure of the Ensemble of 9 Fiduciary Calibrators 

Band # weighted average a 
Bi 23 1.026 0.009 
B2 23 0.966 0.007 
A 26 0.998 0.003 
C 26 0.991 0.005 
D 26 1.022 0.008 
E 24 1.075 0.019 

35 



Tab le A-ll: Ma gnitude Differences Betwee n Pairs of Fiduciary Stars 
DCE Star Reference Band Observed Amag Predicted Amag Observed-Predicted 

CB0604 7Cru a Boo Bi -0.054±0.020 -0.155±0.089 O.lOliO.091 
CB0604 7Cru a Boo B2 -0.100±0.029 -0.156±0.076 0.056±0.081 
CB0604 7Cru a Boo A -0.201±0.012 -0.274±0.028 0.073±0.030 
CB0604 7Cru Q Boo C -0.265±0.013 -0.269±0.036 0.004±0.038 
CB0604 7Cru a Boo D -0.266±0.013 -0.271±0.049 0.005±0.051 
CB0604 7Cru Q Boo E -0.294±0.016 -0.250±0.078 -0.044±0.080 
CB0604 /3Peg Q Boo Bi 0.749±0.014 0.777±0.107 -0.028±0.108 
CB0604 0Peg Q Boo B2 0.788±0.025 0.763±0.092 0.025±0.095 
CB0604 13 Peg Q Boo A 0.685±0.012 0.723±0.027 -0.038±0.030 
CB0604 )9Peg a Boo C 0.564±0.014 0.692±0.034 -0.128±0.037 
CB0604 /3Peg Q Boo D 0.628±0.012 0.670±0.049 -0.042±0.050 
CB0604 /3Peg a Boo E 0.600±0.022 0.683±0.072 -0.083±0.075 
CB0605 7 Dra a Boo Bi 1.645±0.050 1.781±0.148 -0.136±0.156 
CB0605 7 Dra a Boo B2 1.730±0.047 1.773±0.119 -0.043±0.128 
CB0605 7 Dra a Boo A 1.707±0.014 1.681±0.021 0.026±0.025 
CB0605 7 Dra a Boo C 1.615±0.015 1.669±0.030 -0.054±0.034 
CB0605 7 Dra a Boo D 1.684±0.017 1.667±0.047 0.017±0.050 
CB0605 7 Dra Q Boo E 1.639±0.041 1.686±0.070 -0.047±0.081 
CB0605 Q Lyr Q Boo Bi 3.098±0.055 3.075±0.069 0.023±0.088 
CB0605 a Lyr a Boo B2 2.975±0.060 3.039±0.058 -0.064±0.083 
CB0605 Q Lyr a Boo A 3.099±0.014 3.129±0.025 -0.030±0.029 
CB0605 a Lyr Q Boo C 3.112±0.039 3.182±0.033 -0.070±0.051 
CB0605 Q Lyr Q Boo D 3.102±0.037 3.175±0.048 -0.073±0.061 
CB0605 Q Lyr Q Boo E 3.134±0.146 3.195±0.071 -0.061±0.162 

Table A-12: Weighted Average (observed-predicted) Amag for 4 Fiduciary Stars k a Boo 
Band    <observed-predicted>      ±o 

Bi 
B2 
A 
C 
D 
E 

0.019 
-0.001 
0.009 
-0.061 
-0.019 
-0.059 

0.050 
0.046 
0.014 
0.019 
0.026 
0.045 
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Table A-13: Usable Radiometiy on Fainter Stars from CB-06 in Magnitudes; Repeated Star Names Denote Data from 
Different DCEs 

Star (HD) Name 
IRC+50004 

[4.29 4.36] 8.28] [12.13] [14.65] [21.34 

1240 ... 1.484±0.095 1.513±0.008 1.366±0.038 1.586±0.051 

8810 SA0248381 1.836±0.308 1.987±0.254 2.034±0.013 1.841±0.187 1.874±0.055 

12929 a Ari -0.600±0.083 -0.790±0.012 -0.649±0.026 -0.638±0.050 -0.799±0.199 

13520 60 And ... 1.235±0.092 1.177±0.009 1.184±0.046 1.319±0.149 1.202±0.340 

18449 24 Per ... 2.184±0.011 1.985±0.191 2.288±0.267 ... 

20893 T2Ari ... 2.163±0.019 ... 

20893 T2 Ari ... ... 2.189±0.013 ... ... 

28749 45Eri ... 1.800±0.019 ... 1.674±0.226 

28749 45Eri ... 1.789±0.255 ... ... 

28749 45Eri ... 1.627±0.274 ... ... 

30338 SA0783 1.650±0.123 1.957±0.008 1.914±0.061 1.941±0.097 

31398 t Aur -0.800±0.085 -0.664±0.054 -0.845±0.012 -0.862±0.018 -0.867±0.017 -0.875±0.035 

31767 ■K^ Ori 1.211±0.264 1.288±0.003 1.230±0.053 1.220±0.051 

33872 SA0195639 ... 2.249±0.036 2.257±0.079 1.937±0.176 ... 

34334 16 Aur 1.467±0.173 1.363±0.010 1.485±0.067 1.198±0.067 

36167 31 Ori 0.925±0.057 0.711±0.013 0.753±0.138 0.783±0.081 

36167 31 Ori 1.003±0.332 0.755±0.012 ... 0.543±0.135 

39364 5 Lep 1.025±0.125 1.274±0.012 1.139±0.106 1.017±0.200 1.057±0.259 

39364 (5Lep 1.217±0.012 1.251±0.112 1.131±0.050 ... 

39400 56 Ori ... 1.605±0.021 1.129±0.123 1.401±0.112 

39425 ;flC0l 0.392±0.047 0.445±0.014 0.529±0.042 0.549±0.142 

39523 7 Pic ... 1.947±0.006 ... 1.622±0.212 

42540 SA0249451 ... ... 2.153±0.015 ... 

42633 40 Cam ... 2.077±0.133 2.411±0.080 ... 

46815 GL4509S ... ... 2.190±0.022 ... 

55865 l^Vol 1.064±0.327 ... 1.319±0.017 ... 1.344±0.087 ... 

65662 SAO250019 ... 2.085±0.011 ... ... 

71878 /3Vol ... 1.150±0.008 1.009±0.239 1.412±0.191 

91504 SA0222136 ... ... 2.430±0.010 2.583±0.330 

106321 SA0223297 .■• ... 1.805±0.005 1.781±0.291 

109511 24 Com ... ... 2.361±0.010 2.141±0.211 ... 

109551 6Dra ... 1.435±0.295 1.530±0.020 ... 

124547 4UMi 1.247±0.279 1.439±0.005 

141992 p Ser ... 0.979±0.106 

141992 pSer 
42Dra 

1.011±0.008 0.563±0.213 

170693 1.895±0.193 2.073±0.066 1.899±0.007 1.837±0.063 2.082±0.197 1.748±0.149 
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Table A-14: Validation of Existing Templates by CB-06 Data 

CB-06 only Published New: all data 
Star (HD) Name Scale Error Scale Error Scale Error Angular Diam. 

±unc.(mas) 
1240 IRC+50004 3.675E-2 1.063E-3 3.789E-2 3.931E-4 3.762E-2 3.680E-4 2.61±0.028 
8810 SA0248381 1.034E-2 5.975E-4 9.725E-3 1.366E-4 9.768E-3 1.291E-4 2.07±0.025 
12929 a Ari 1.117E-1 1.333E-3 1.105E-1 8.183E-4 1.103E-1 6.962E-4 6.89±0.073 
13520 60 And 1.026E-1 1.177E-3 1.019E-1 2.648E-3 1.024E-1 1.071E-3 2.95±0.033 
18449 24 Per 8.643E-3 2.265E-4 8.655E-3 2.061E-4 8.665E-3 2.031 E-4 1.93±0.030 
20893 r^Ari 4.096E-2 1.183E-2 4.034E-2 9.721E-4 4.083E-2 4.328E^4 1.86±0.021 
28749 45Eri 5.820E-2 1.093E-3 5.430E-2 1.719E-3 5.705E-2 9.348E-4 2.20±0.028 
30338 SA0783 4.852E-2 2.286E-3 5.020E-2 5.491E-4 4.988E-2 4.987E-4 2.06±0.023 
31398 t Aur 6.424E-1 1.683E-2 6.492E-1 6.927E-3 6.465E-1 6.366E-3 7.41±0.081 
31767 TT^Ori 1.729E-2 4.363E-4 1.715E-2 1.481E-4 1.716E-2 1.400E-4 2.72±0.030 
33872 SA0195639 8.544E-3 1.842E-4 7.920E-3 2.470E-4 8.248E-3 1.439E-4 1.90±0.025 
34334 16 Aur 8.487E-2 2.613E-3 8.663E-2 1.043E-3 8.623E-2 9.684E-4 2.70±0.030 
36167 310ri 3.060E-2 7.609E-4 3.194E-2 3.109E-4 3.166E-2 2.860E-4 3.72±0.041 
39364 6 Lep 1.080E-1 2.590E-3 1.050E-1 9.902E-4 1.051E-1 9.256E-4 2.60±0.028 
39400 56 0ri 1.408E-2 4.331E-4 1.311E-2 2.672E-4 1.323E-2 2.218E-4 2.39±0.031 
39425 ;3Col 3.698E-2 4.448E-4 3.700E-2 5.186E-4 3.612E-2 2.487E-4 3.95±0.042 
39523 7 Pic 9.306E-3 4.415E-4 9.349E-3 9.420E-5 9.341E-3 8.688E-5 2.01±0.022 
42540 SA0249451 4.506E-2 2.013E-3 4.196E-2 7.004E-4 4.324E-2 5.226E-4 1.92±0.022 
42633 40 Cam 3.900E-2 1.050E-3 3.658E-2 2.421E-3 3.824E-2 9.529E-4 1.80±0.029 
46815 GL4509S 8.225E-3 1.41 lE-4 4.277E-2 9.740E-4 4.129E-2 6.609E-4 1.87±0.024 
55865 7^ Vol 9.734E-2 4.240E-3 9.735E-1 1.680E-3 9.737E-2 1.087E-3 2.50±0.029 
65662 SAO250019 4.564E-3 2.268E-3 4.488E-2 5.961E-4 4.482E-2 5.388E-4 1.95±0.022 
71878 /3Vol 1.980E-2 9.040E-4 1.944E-2 2.177E-4 1.951E-2 1.905E-4 2.9O±0.033 
106321 SA0223297 5.686E-2 6.819E-4 5.795E-2 5.670&4 5.708E-2 4.327E-4 2.20±0.023 
109511 24 Com 6.383E-3 2.326E-4 6.385E-3 7.961E-5 6.385E-3 7.523&5 1.66±0.019 
109551 6Dra 7.577E-3 1.802E-4 7.457E-2 1.510E-3 7.499E-2 1.145E-3 2.52±0.031 
124547 4UMi 8.074E-2 1.832E-3 8.104E-2 7.927E-4 8.096E-2 7.253E-4 2.62±0.028 
141992 pSer 2.639E-2 3.434E-4 2.500E-2 8.537E-4 2.533E-2 2.173E-4 3.33±0.036 
170693 42Dra 9.545E-3 1.952E-4 9.753E^ 9.975E-5 9.709&3 8.929E-5 2.05±0.023 

Table A-15: Least-Squares Fits Throughout CB-06 Between Observed and Predicted Irradiances 

Parameter 4.29/im 4.36/im 
Slope 

Offset (E-17) 
# stars 

1.035±0.006 
-2.8±2.9 

38 

1.028±0.024 
-1.6±6.8 

13 

8.28^m 
1.039±0.007 

-2.0±2.3 
25 

12.13/^m U.65fim 
1.026±0.010 
-0.43±0.64 

29 

21.34/im 
0.973±0.004 
0.12±0.15 

29 

0.947±0.010 
0.03±0.40 

13 
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Figure-Al: The Coadded Images of a Lyr in Each of the 6 SPIRIT III Radiometers. Small 

Subimages containing 101 x 101 Pixels are Presented. 
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Figure A-2: Eight of the 28 CaUbrated Stellar Templates Newly-Created in this Paper. 

Each plot shows, and documents, the normalized, reddened template and the photometry 

to which it was fitted. 
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ABSTRACT 

We describe our methods to validate the absolute calibration of the infrared 

(IR) radiometry of the MSX Point Source Catalog, version 1.2 (PSC1.2). 

These are based upon stars drawn from our current all-sky network of absolute 

calibrators, and other stars that also support the calibration of ESA's Infrared 

Space Observatory (ISO) and of several other sateUites. All four of MSX's 

mid-IR bands are entirely consistent with this network, but the two narrowest 

bands (near 4.3 ^m) are discrepant by a few percent.  This paper probes 

radiometry of fainter stars than those validated by an independent study of the 

prunary and secondary MSX standards by Cohen et al. (2000). To provide the 

user of the PSC1.2 with a basis for comparison, we derive the IR properties of 

normal stars from measurements by MSX's infrared focal planes. 

Subject headings: infrared — absolute calibration — stars 
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1. INTRODUCTION 

The US Midcourse Space Experiment (MSX: Mill et al. 1994) was launched in spring 

1996. An excellent overview of MSX and its sensors is given in the Johns Hopkins APL 

Technical Digest (1996). Details of the astronomy carried out on MSX using the SPIRJT-III 

(Spatial InfraR«d Imaging Telescope-III) can be found in Price et al.  (1996), and the 

PSC1.2 is accompanied by an Explanatory Guide that describes the process of constructing 

the PSC1.2 from raw SPIRIT-III data (Egan et al. 1999). The areal coverage of the PSCl.2 

derives from two experiments on the MSX; the survey of the entire Galactic plane between 

+5° and -5° of latitude (~9% of the sky); and the ~4% of the sky unobserved by IRAS 

(mostly at high Galactic latitudes). 

The philosophy of calibrating SPIRIT-III involves a tripartite approach, blending the 

results of ground calibration and instrument characterization pre-launch with on-orbit 

determination of point response functions, measurements of a set of established IR 

calibration stars, and rapid scanning observations of a series of emissive spheres ejected 5 

times during the roughly 9 month cryogenic hfetime of MSX. Each of these independent 

approaches contributes to the overall caUbration of SPIRIT-III and a technique combining 

all three into a globalized MSX calibration is being apphed by the Data Certification and 

Technology IVansfer team of the MSX program (Murdock et al. 2000). Indeed, a great deal 

of the time spent on astronomy with MSX was devoted to calibrations of various kinds. A 

detailed discussion of this overall strategy was presented (Murdock 1997) to the ISO Science 

Team during the cryogenic life of ISO, to provide an explanation for the absolute basis of 

those same stellar spectra that underpin the absolute calibration of three of the four ISO 

instruments. 

The fact that one begins with a single star, or even a set of calibration stars, does 

not necessarily imply thai the uupleiuentation of satellite observations of thcoc on orbit 
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reference objects within a data pipeline leads to the correct irradiances of the wide variety of 

sources measured by that satellite. The clearer that the design of the calibration philosophy 

is, the more likely it is that such will be the case but there is no substitute for post facto 

validation. The calibration framework that we have constructed can be represented by 

an inverted pyramid with Sirius and Vega at its apex as primary standards (Cohen et al. 

1992a), extended by a tier of bright K- and early-M giants (Cohen et al. 1992b, 1995, 1996), 

and finally broadening into 422 fainter stars (Cohen et al. 1999). The entire ensemble of 

1-35 fim absolute spectra and its supporting photometry is self-consistent. In the near- and 

mid-IR, DIRBE used Sirius as its basis star, from which it created its own empirical set 

of 92 calibrators around the sky (Mitchell et al. 1996). Cohen (1998) demonstrated that 

DIRBE had correctly maintained the integrity of this absolute cahbration through analysis 

of DIRBE's own observations of this same set of bright K- and M-giants. 

The purpose of this paper is to subject MSX's PSC1.2 to the same rigor. In Sections 

2 and 3 we describe the sets of stars used to test the irradiance scale of the PSC1.2 over 

a wide range of values. Having verified the accmracy of PSCl.2 irradiances in Section 4, 

we proceed in Section 5 to derive the colors of normal stars by comparing PSC1.2 with 

the Hipparcos and T?ycho archives and creating optical-IR color-color plots. Finally, we 

examine the Hertzsprimg-Russell diagram for stars of different luminosity class in MSX's 

most sensitive IR band, "Band-A" hereafter, [8.3], where we designate each band by [A], 

where A is the isophotal wavelength for Vega in that band, and A is given in microns. 

2. SPIRIT-III AND ITS CALIBRATION STARS 

Table 1 summarizes the "zero magnitude" attributes of the 6 SPIRIT-III bands, on the 

basis of integration over our fundamental, caUbrated, Vega spectrum (Cohen et al. 1992a). 
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The stars examined repeatedly by SPIRIT-III to provide the on-orbit calibration are 

Q CMa, a Lyr, a Boo, a Tau, /? Peg, and 0 Gem. These six stars offer fiducial irradiances 

that span a range of only a factor of ~20, and primarily sample the top end of the d3'namic 

range for most SPIRIT-III bands, although the longest, "Band-E", is quite faint for a Lyr. 

Egan et al. (1999: their Table 3) present the uradiances that result after integration of the 

6 relative spectral response (RSR) curves for the 6 SPIRJT-III bands over our published 

spectra for these primary and secondary stars used to calibrate MSX. 

3. STAR SELECTION 

Many calibration experiments on MSX involved use of the "scan mirror" - a device in 

the optics of SPIRIT-III that could rapidly scan a source across the active columns of all 

the IR focal planes. However, the PSCl.2 is constructed from long scans across the sky in 

which this nurror was in its fixed position. Therefore, to verify the calibration of PSC1.2, 

we have confined our selection of stars to objects that are actually in the PSC1.2; i.e. they 

have passed through the identical optical train and Celestial Automated Processing pipeline 

as the roughly one third of a million sources in this data set. 

Two different samples were sought. The first consists of all those stars among the 422 

calibrated template spectra that constitute the body of Cohen et al.'s (1999) all-sky network. 

The second was drawn from the several hundred stars with a wide variety of spectral types 

that were assembled as part of ISO's "Groimd-Based Preparatory Programme" (GBPP: 

van der Bliek et al. 1992), and were observed by Hipparcos. Kmrucz model spectra were 

produced for these stars using the method described by Hammersley et al. (1998), selected 

on the basis of temperature and metallicity information for the individual stars.  Each 

model was then normalized to 2.2-^m photometry. It is those normahzed models that we 

have used for our second set of calibrated spectra. 
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Note that all the stars used in the present paper to validate MSX's radiometry are 

fainter, often substantially, than the bright primary and secondary stars (first and second 

tiers of OMI framework) independently analyzed by Cohen et al.  (2000) in their parallel 

study of the another, formal, absolute calibration experiment carried out on MSX. 

3.1. Calibrated Template Stars 

Although most of the Cohen-Walker-Witteborn bright K- and M-giants were observed 

by some experiment aboard MSX, often with the scan mirror active, though sometimes 

in mirror-fixed mode (cf. Egan et al.  1999), none appear in the PSCl.2. However, the 

self-consistency of the network enables us just as readily to probe the accuracy of PSC1.2. 

irradiances using fainter stars. Sixteen of the 422 templated stars appear in the PSC1.2: 

HD numbers 5234, 34334, 48433, 49293, 55775, 59381, 61294, 63697, 70555, 89388, 89682, 

107274, 170693, 183439, 189276, and 216032. Not all of these 16 stars were detected in all 6 

bands but they do provide values for irradiance that span a range of a factor of 3-8. That 

we see so few members of this all-sky network of 422 stars is explained by its relatively 

uniform sky distribution, the heavy concentration of PSC1.2 to the Galactic plane, and the 

fact that PSC1.2 in its entirety samples only ~13% of the whole sky. 

3.2. Kurucz Models Supporting ISO 

Two considerations caused us to widen the tjrpes of star sampled. The first was a 

general issue, namely the need to enlarge the dynamic range in irradiance investigated in 

all 6 bands. The second relates specifically to the two short-wavelength, narrow bands 

near 4.3 /xm, which were selected precisely because they lie in the terrestrial CO2 bands 

(to address down-looking objectives for MSX). Although our bright K- and M-giants were 
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observed both from the Kuiper Airborne Observatory (KAO) and from satelhtes (the IRAS 

Low Resolution Spectrometer: LRS), there can stUl be gaps, primarily between about 4.2 

and 4.4 //m, because this CO2 absorption is still saturated from KAO altitudes. These 

cool giants also show CO frindamentals near 4.5 //ra and their spectra are rising (in X'^Fx 

space) rapidly from this ftmdamental to the quasi-continuum. To avoid possible problems 

with interpolation of these composite spectra across any narrow gaps, we also wanted to 

use some stars that lacked the CO band, suggesting the usage of much warmer stars. (Note 

that the associated CO2 band between about 14 and 16 /xm, however, is covered entirely by 

the IRAS Low Resolution Spectrometer.) These two considerations caused us to seek A, F, 

(and G) stars whose spectra are based on model atmospheres, so that they have continuous, 

featureless energy distributions through Bands Bi and B2. 

We found 103 ISO/Hipparcos stars matched in the PSC1.2. Although a very wide 

variety of spectral types was used to support ISO's needs, we do not beheve that any 

supergiants should be utilized for radiometric checks because of the UkeUhood that these 

have stellar winds with free-free emission over and above their photospheric radiation (if 

of types B, A, F, or G), and/or emission by warm circumstellar dust (if of types K or M). 

Both these processes can weaken photospheric absorption features, such as the CO and 

SiO fundamentals, and distort the mid-IR energy distributions by dust emission features. 

Consequently, we excluded all supergiants from these radiometric checks. We also rejected 

all K- and M-type dwarfs and giants because the Kurucz models do not include the SiO 

fundamental band near 8 /xm and this is prominent in these stars. 

4. THE RADIOMETRIC CHECKS 

The actual radiometric checks consisted of forming the ratio of MSX's measured 

irradiance, on a given star and band, to that predicted from the integration of the RSR over 
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the appropriate templated, or modeled, spectrum. The PSC1.2 contains both irradiances 

and the uncertainties in these quantities. We later combined data within each, and from 

both, of the two sets of stars, treating every such ratio using inverse-variance weighting. 

Table 2 presents the results of these comparisons, distinguishing the two sets of stars 

used, and incorporating the total range in irradiance probed by each set in every band. 

5. SPIRIT-III ATTRIBUTES OF NORMAL STARS 

To explore how normal stars appear to MSX, the PSC1.2 was cross-correlated with 

both the Hipparcos output catalog (van Leeuwen et al. 1997) and the Tycho catalog (Hoeg 

et al. 1997). The Tycho magnitudes provide a homogeneous photometry set covering the 

whole sky, complete to over 99.9% at VT=10. Therefore, all of the normal stars detected 

by MSX will be included in this catalog. The Hipparcos catalog has fewer sources, but 

provides far more information on those, notably spectral types and Imninosity classes. In 

the following, Vj and By, rather than Johnson V and B, wiU be used, as these were the 

measured quantities. 

When cross-correlating MSX positions with Hipparcos or Tycho it was found that 

50% of the matches in position were within 3" and 90% of the matches within 7.8". These 

figures are consistent with the quoted accuracy for MSX PSC 1.2 (Egan et al. 1999: their 

Table 14) of la in-scan of ~2.2", and cross-scan of ~1.9". Therefore, for the comparison 

work, a match was assiuned if the positions agreed to within 7". This does remove some 

real matches but it reduces the number of false matches to acceptably low levels.  The 

correlation with Hipparcos found 6500 matches, of which 0.25% will be false, and that with 

Tycho 25500 matches, of which 0.75% will be false. The numbers of false matches were 

quantified by shifting the MSX coordinates by 1' and rerurming the cross-correlations. 
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When correlating the visible catalogs with MSX, there will be a number of selection 

effects due to the different Umiting magnitudes and wavelength ranges.  The PSCl.2 is 

primarily a low-latitude survey and the majority of the MSX sources will be deep within 

the Galactic Plane. Furthermore, these sources often have large IR excesses due to dust 

shells; otherwise they would not have been detected, particularly at the longer wavelengths. 

But at visible wavelengths, these sources are very faint and do not appear in the Hipparcos 

or Tycho catalogs. This explains why fewer than 8% of the MSX PSCl.2 sources have 

matches with Tycho. MSX is generally complete to magnitudes of [8.3]=6.'"2, [12.1] and 

[14.6]=4.'"9 (cf. Egan et al. 1999, their Figs. 29-38, after allowance for Malmquist bias in 

the two faintest bins at the peak of the counts' distributions). Therefore, it detects only the 

very closest, low-luminosity stars. The spatial distribution of matched sources shows little 

correlation with Galactic longitude. 

In the following discussion of figures, we note that all sources plotted have PSCl.2 

quality flags of 3 or 4 ("good" or "exceUent": cf. Table 5 of Egan et al. (1999) for the 

quantification of these criteria). 

Figure 1 shows the plots of VT-[8.3] against spectral type for the five basic luminosity 

classes, together with a plot for all stars with a spectral type that lack a luminosity 

class. Every star was individually corrected for extinction in these plots, according to 

its Hipparcos-determined distance, using Av=0.62 mag kpc"^ Table 3 sunmiarizes these 

extinction-corrected plots in tabular form, giving median color indices. Figure 1 is is not 

repeated for the other filters because normal stars (without infrared excesses) have colors 

between Band-A and any other MSX filter that are very small, because all MSX wavelengths 

are in, or close to, the Rayleigh-Jeans domain for these stars. In general, there are no 

surprises in these diagrams but the number of B- and A- stars of luminosity classes III-V 

with significant mfrared excesses is noteworthy. This is redolent of the same phenomenon 
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found for the IRAS properties of normal stars (Cohen at al.  1987) at 12 //m, which 

was attributed to illumination of nearby interstellar material and excitation of polycyclic 

aromatic hydrocarbons (PAHs) by stellar ultraviolet radiation. The same explanation can 

probably be appUed to at least some of the B-and A-dwarfs and giants with unusually 

large Vr-[8.3] in Figure 1, particularly given the location of the strongest "unidentified 

IR" emission bands, in Band-A. Note also that excesses are much more common among 

supergiants (limainosity classes I and II) of all spectral types, no doubt because the often 

strong stellar winds in these objects produce significant amoimts of free-free emission, above 

photospheric radiation. The dispersion in these excesses arises from the variations in mass 

loss rate from star to star. Again, we emphasize the importance of avoiding supergiants of 

any type as calibration stars. 

Figure 2 shows the plots of B^-VT VS. Vr-[A] based on the matches with the Tycho 

catalog. (The plot for [8.3] uses smaller points due to its fainter Umiting magnitude and 

substantially greater number of stars detected.) In the [8.3] plot, early K-giants Me near 

Vr-[8.3]~2.5, Br-Vr ~1; main-sequence stars he along the stripe to the lower left of this; 

M-giants are above and to the right. 

Figure 3 shows [8.3]-[A] vs. BT-VT for sources matched with the Tycho catalog. For 

normal stars, [8.3]-[A] should be close to zero and a number of such sources appear in the 

[8.3]-[12.1] and [8.3]-[14.6] plots. The denser clumps at Br-VT=2 are the M-giants. We note 

the presence of a niunber of sources with [8.3]-[12.1]~0.8 for all values of BT-VT from 0 to 

3. For Br-Vr >1 these objects appear slightly redder in the [8.3]-[14.6] plot and very red in 

the [8.3]-[21.3] plot, suggesting that they are real rather than due to instrumental effects. 

We identif}' these with AGB M-stars, where the silicate features above the continuum 

contribute to the greater brightness in [12.1] as compared with both [8.3] and [14.6], and to 

the [8.3]-[21.3] color indices. A number of objects with BT-VT <1 show very large apparent 
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color indices. While it is possible that some of these may correspond to valid 8.3-/im stellar 

detections poorly merged with neighboring, real 12.1-^m and 14.6-/im sources, we suspect 

many are real. We reach this conclusion by five independent routes. First, many of these 

sources have high signal-to-noise ratios m bands CDE. Second, all have PSCl.2 quality 

flags of 3 or 4, in all detected MSX bands. Third, many show a progression of increasing 

color excess with wavelength, roughly consistent with ensembles of cool (~150-250K) dust 

particles. Fourth, there is a tendency for hotter stars to have larger excesses, particularlj' 

at 21.3 fim. Finally, there is precedent for this effect for IRAS sources associated with hot 

stars that illmninate nearby intersteUar clouds (Cohen et al.  1987), as described above 

for Figure 1. All these characteristics militate against dismissing these sources as mere 

artifacts. 

Figure 4 presents the HR diagram taking the distance and VT from the Hipparcos 

catalog and [8.3] from MSX, and applying the identical corrections for extinction as were 

made for Figure 1 and Table 3. Note that we have made no attempt to correct the HR 

diagrams for any Malmquist bias inherent in the Hipparcos-determined distances.  The 

plot was repeated 4 times, taking different Umiting distances. At a distance of 600 pc, the 

uncertainty in parallax corresponds to an error in distance of about 40%. As expected, 

the lower luminosity, main-sequence stars dominate at the closest distance. By 50 pc, 

the early-K-giants (M[8.3]=-1.6, VT-[8.3]=2.5) are present and, by 200 pc, these constitute 

a dense blob, indicating that they are by far the most common giants. At the furthest 

distance, the more luminous, very red sources are well-established, e.g. AGB stars, Miras. 

etc. 

58 



6. CONCLUSIONS 

We have validated the radiometric accuracy of MSX's PSC1.2 using two distinct sets 

of stars previously established as absolute calibrators for ISO and MSX, and extracted 

jfrom the PSC1.2 data set. MSX Bands ACDE are in accord with expectation. The two 

narrow bands, Bi and B2, are slightly discrepant from expectation so that PSC1.2 yields 

irradiance ratios in the sense (measured/predicted) a few percent less than unity. This 

effect will be corrected in the version 2 release of the MSX PSC (now under construction). 

We have plotted and tabulated the observed optical-to-MSX colors of normal stars of all 

spectral types and Imninosity classes, and have presented an HR diagram for absolute [8.3] 

magnitude. 

MC acknowledges support for these calibration efforts, through Air Force Research 

Laboratory, by Dr. Stephan Price under contract F19628-98-C-0047 with VRI, and partial 

support via NASA-Ames through Co-Operative agreement NCC 2-142 with Berkeley. 
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Figure B-3. MSX Color Indices With Respect to [8.3] as a Function of Observed BT-VT 

Index for Tycho Stars. 
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accommodate their number. Every star has been individually corrected for extinction in 
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Table B-1: Zero Magnitude Attributes of SPIRIT-III Bands 

Filter Bandwidth In-Band FA(tso) A(iso) Bandwidth ■'' viiso) i/(iso) 

Hm W cm-2 W cm"^ ^m~^ fim Hz Jy Hz 

Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty 

pm W cm-2 W cm~^ fj,m~^ fim Hz Jy Hz 

Bi 0.1036 3.279E-16 3.165E-15 4.294 1.685E+12 194.59 6.979E+13 

0.0012 6.075E-18 5.094E-17 0.0177 1.917E+10 3.134 5.818E+11 

Bz 0.1794 5.364E-16 2.989E-15 4.356 2.840E+12 188.84 6.875E+13 

0.0018 9.415E-18 4.129E-17 0.0153 2.775E+10 2.606 4.866E+11 

A 3.3620 8.196E-16 2.438E-16 8.276 1.402E+13 58.485 3.715E+13 

0.0124 1.225E-17 1.189E-18 0.0103 4.632E+10 0.269 8.840E+10 

C 1.7205 9.259E-17 5.382E-17 12.126 3.493E+12 26.506 2.477E+13 

0.0267 1.917E-18 1.150E-18 0.0642 5.239E+10 0.556 2.593E+11 

D 2.2344 5.686E-17 2.545E-17 14.649 3.109E+12 18.288 2.050E+13 

0.0669 1.767E-18 1.034E-18 0.1490 8.887E+10 0.725 4.132E+11 

E 6.2440 3.555E-17 5.694E-18 21.336 4.041E+12 8.799 1.418E+13 

0.3298 1.667E-18 3.935E-19 0.3705 1.942E+11 0.577 4.598E+11 

Table B-2: Ratios of Measured to Predicted Irradiance for the Three Stellar Samples. 

A(^m),Ba'Ptl Quantity 
4.3 
Bi 
4.4 
B2 
8.3 
A 
12.1 
C 
14.6 
D 
21.3 
E 

Weighted Mean(#) 
Irradiance (W cm~^) 
Weighted Mean(#) 

Irradiance (W cm~^) 
Weighted Mean(#) 

Irradiance (W cm~^) 
Weighted Mean(#) 

Irradiance (W cm~^) 
Weighted Mean(#) 

Irradiance (W cm~^) 
Weighted Mean(#) 

Irradiance (W cm~^) 

Template stars    ISO/Hipparcos stars All stars 
0.90±0.03(11) 
4.8e-17-2.1e-16 
0.92±0.03(10) 
7.9e-17-5.6e-16 
1.05±0.01(16) 
l.le-16-8.7e-16 
1.01±0.01(16) 
1.6e-17-1.0e-16 
1.00±0.01(16) 

8.2e-18-6.4e-17 
1.05±0.04{6) 

1.3e-17-4.0e-17 

0.93±0.02(29) 
1.6e-17-1.5e-15 
0.06±0.02(35) 
1.6e-17-2.2e-15 
0.98±0.01(91) 
2.0e-18-4.1e-15 
0.98±0.01(39) 
2.8e-18-4.8e-16 
0.98±0.01(40) 
1.7e-18-2.9e-16 
1.08±0.03(9) 

1.3e-17-1.8e-16 

0.92±0.02(40) 
1.6e-17-1.5e-15 
0.95±0.02(45) 

1.67e-17-2.2e-15 
1.00±0.01(107) 
2.0e-18-4.1e-15 
0.99±0.01(55) 
2.8e-18-4.8e-16 
0.99±0.01(56) 
1.7e-18-2.9e-16 
1.07±0.025(15) 
1.3e-17-1.8e-16 
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Table B-3: Median, Extinction-Corrected, VT-[8.3] for Each Spectral Type and Luminosity Class, Sho^ang the Number 
of Hipparcos Stars Used 

Lum. class I II III IV V 
Spec, type VT-[8.3] 

-0.19 
# 
7 

VT-[8.3] 

-0.69 
# 
5 

VT-[8.3] # VT- 8.3] # Vr-[8.3] # 
Bl -0.81 5 -0.70 11 -0.83 12 
B2 -0.19 7 -0.69 7 -0.63 7 -0.75 19 -0.75 25 
B3 .... -0.69 6 -0.50 7 -0.70 24 -0.67 26 
B4 -0.01 4 -0.32 4 -0.49 15 -0.68 17 -0.68 35 
B5 0.14 4 -0.28 3 -0.42 13 -0.37 12 -0.61 28 
B6 0.14 4 -0.26 4 -0.38 18 -0.27 9 -0.59 30 
B7 0.31 4 -0.26 6 -0.37 21 -0.17 10 -0.38 31 
B8 0.28 8 -0.26 10 -0.25 32 -0.28 15 -0.23 39 
B9 0.28 12 -0.23 10 -0.22 32 -0.14 18 -0.09 61 
AO 0.34 10 -0.26 7 -0.14 23 -0.08 15 -0.02 68 
Al 0.34 7 0.64 4 0.06 10 0.19 11 0.01 75 
A2 0.53 7 0.64 3 0.19 13 0.34 16 0.07 69 
A3 0.68 6 ... 0.26 16 0.34 15 0.17 53 
A4 0.78 4 0.36 17 0.39 14 0.30 46 
A5 .... ... 0.37 5 0.53 9 0.56 4 0.43 26 
A6 .... ... 0.38 6 0.54 12 0.58 8 0.48 30 
A7 0.38 4 0.54 12 0.61 8 0.57 22 
A8 ... 0.56 13 0.61 14 0.58 25 
A9 1.01 5 0.77 4 0.68 13 0.76 22 0.72 27 
FO 1.01 5 0.77 5 0.78 12 0.77 23 0.72 23 
Fl 1.15 6 1.06 10 0.83 26 0.90 29 0.87 34 
F2 1.15 5 1.08 8 0.91 22 0.97 24 1.01 38 
F3 1.15 5 1.08 8 0.93 20 0.96 21 1.03 44 
F4 1.44 4 1.17 7 1.08 11 1.09 32 1.08 63 
F5 1.38 8 1.10 12 1.09 31 1.14 80 
F6 1.63 5 1.21 8 1.12 14 1.13 34 1.20 105 
F7 1.52 7 1.38 4 1.19 9 1.24 16 1.28 102 
F8 1.60 9 .... 1.33 5 1.34 10 1.33 67 
F9 1.75 12 1.85 3 1.43 6 1.42 14 1.41 58 
GO 1.84 11 1.57 4 1.45 9 1.47 45 
01 1.78 13 1.85 3 1.57 6 1.65 13 1.49 66 
02 1.98 11 1.59 7 1.96 12 1.54 60 
03 1.98 8 ... 2.01 8 1.75 13 1.59 43 
G4 2.25 11 2.48 16 2.21 35 1.90 17 1.71 47 
05 2.78 10 2.28 23 2.21 59 1.92 17 1.75 37 
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Table B-3: continued 

Lum. class I II III IV V 
Spec, type VT-[8.3] # VT-[8.3] # VT-[8.3] # VT-[8.3] # VT-[8.3] # 
G6 2.78 10 2.28 23 2.25 68 2.07 16 1.89 34 
G7 2.74 5 2.46 33 2.33 236 2.26 45 2.01 30 
G8 2.60 3 2.46 29 2.36 236 2.28 40 2.20 24 
G9 3.39 6 2.52 47 2.41 537 2.28 57 2.30 52 
KO 3.53 6 2.67 45 2.54 564 2.51 36 2.34 41 
Kl 3.82 8 2.86 62 2.64 723 2.63 40 2.37 51 
K2 3.88 16 3.09 58 2.93 535 2.87 28 2.52 36 
K3 4.16 16 3.50 40 3.29 387 3.58 13 2.80 29 
K4 4.18 27 3.76 25 3.59 253 3.80 7 2.92 29 

K5 4.51 16 3.96 12 3.79 131 3.03 16 
K6 4.48 15 4.05 6 3.95 58 3.08 17 

K7 *•• 4.45 6 3.95 6 

K8 .... 4.10 5 3.95 6 

K9 5. 6 5 >••• 4.37 36 3.61 5 

MO 5.62 8 5.40 3 4.44 62 3.65 4 

Ml 5.66 18 5.15 7 4.67 90 4.64 8 

M2 5.84 17 5.15 7 4.97 80 4.75 5 

M3 5.90 14 5.25 6 5.21 61 4.75 5 

M4 5.99 4 6.30 3 5.58 39 .... 

M5 .... 6.02 17 ... 
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1.   INTRODUCTION 

Satellites employing infrared sensors are continually being launched by space agencies, such 

as NASA and ESA and by the US DOD community. The successes of IRAS, ISO, IRIS, and 

MSX have already produced enormous infrared databases. Consequently, there must now be 

greater emphasis on data verification, validation, and calibration issues to assure that these data 

sets are of sufficient reliability for application to the quantitative design of advanced spacebome 

sensors and systems. There is an urgent need not only to rationalize infixed calibration and place 

it in a common and well-defined context, but also to provide a network of calibrators well 

distributed across the sky, v^th a common traceable pedigree. This network should be 

sufficiently populated to have a member relatively close to any arbitrary direction because 

satellites and aircraft cannot afford major excursions in pointing to secure measurements of the 

few traditional calibration objects. Dynamic range, too, is an issue and such a network must 

include stars both fainter and brighter than today's popular "standards". 

In previous work (Cohen et al. 1992-1998, Papers I-K) we have developed a basis for 

irradiance calibration of space-based mfrared sensors, and have fully defmed the context of the 

calibration, and the concepts of spectral composites and templates. This work cuhninated in the 

recent publication of An All Sky Network of 422 Infrared Calibration Stars (Cohen et al. 1999). 

In the above series of papers we have described a consistent effort to provide absolutely 

calibrated broad and narrowband IR photometry based upon a carefiilly selected, IR-customized 

pair of absolutely calibrated stellar models for Vega and Sirius. These hot stellar models have 

been employed as reference spectra to calibrate the spectra of cool giants. This approach has 

yielded a valuable set of secondary stellar standards with calibration pedigrees directly traceable 

to the two primary standards. These cool giant spectra are totally unlike any blackbody, and are 

dominated by the fundamental absorption and overtones of CO, SiO, and water vapor. Thus the 

ideal (IR-bright) calibrators have significant spectral structure that is not yet adequately modeled 

by stellar atmospheric codes but that can be approached in a rigorous observational manner. 
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These (almost) entirely observed 1.2-35 |jm absolute spectra of all reference stars are designated 

"composite spectra" (because of the method of their assembly). 

Each composite spectrum has been used to create many calibrated stellar spectra, all with a 

traceable common calibration heritage, given a single prerequisite, namely photometry in a 

"well-characterized" system of filters. To achieve this goal, one must make the fiindamental 

"template assumption", that the dereddened (for interstellar extinction) infrared spectral shape of 

any observed KO-MO giant accurately represents the intrinsic spectrum of any other giant with 

the same two-dimensional spectral type as the composite fi-om which the "template" is created. 

The adopted template (spectral shape) is reddened appropriately for the star spectroscopically 

unobserved in the IR, then normalized by matching the template's in-band radiometry to the 

measured in-band irradiances in a set of filters. The All Sky Network of 422 Infrared Calibration 

Stars referenced above was produced using this technique. 

It has become clear that current demand for on-orbit calibration of space-based programs, 

such as SBIRS, requires brighter calibration sources than are available within the present 

network of 422 stars. 

2.0 THE AIR FORCE BRIGHT SPECTRAL CATALOG (AFBSC) 

The AFBSC is an independent set of calibrators selected to be among the IR-brightest 

sources in the sky. Our ultimate goal is to create complete (2-35 |am) spectra for all stars brighter 

than zero magnitude in the infixed. To do this we will eventually utilize IRAS Low Resolution 

Spectra (LRS), ISO SWS spectra, other groundbased and airborne spectral observations fi-om the 

past and recent literature, as well as spectra generated by theoretical and/or empirical models. 

These will be normalized by means of well-characterized photometry to bring them into the 

photometric system described above.   Candidate stars for the AFBSC are selected from the 

IRAS all-sky survey, the Cal. Tech. Two Micron Sky Survey, and the MSX point source catalog. 

For inclusion in the catalog, a star must be brighter than zero magnitude in the respective survey 

bands. 
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The brighter in the mid-infrared the required calibrators are, the greater the likelihood of 

encountering abnormal stars such as heavily dust-shrouded, long-period, cool variables. At the 

present time we lack detailed information on the spectral variations of these stars with the phase 

of their light curves, even for those objects whose variations are supposedly periodic. Thus, we 

anticipate the need to revisit this catalog in subsequent versions, once we have learned more 

about the characteristics of variability among these IR-bright evolved stars. Variability of the 

majority of the IR-bright stars is the foremost problem to be addressed if these objects are to be 

accepted as reliable calibrators. 

2.1 AFBSC Version 1 

AFBSC Version 1 is an extremely limited version that does not pretend to achieve the overall 

AFBSC goals either in quantity or quality of the sources. It is a result of an initial "testing of the 

waters" and serves a number of useful purposes. It alerts the systems designer to the potential 

bright calibrators that will be available to him for calibration of his spacebased, groundbased, 

and airborne IR systems. The irradiance levels and dynamic range possible are well-defined, 

even though many absolute irradiance levels have, at present, unacceptably large uncertainties 

for radiometric calibration. Many of these will still be useful astrometric calibrators and knowing 

the range of their irradiances will improve infrared acquisition by enabling discrimination among 

multiple objects in the field. Further, many stars are identified in this version that do have 

reliable and non-varying irradiances with acceptable errors, and are immediately applicable for 

radiometric calibration. Finally, production of this version of the catalog has identified to the 

authors those stars that can be readily elevated to precise calibration status, and those that will 

require gargantuan efforts. 
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2.1.1 The Stars 

In Version 1.0 we have limited our choice of stars to those brighter than zero magnitude at 

12 Dm in the IRAS PSC2. Our search returned 1638 point sources. Identification of these 

sources revealed that 198 were non-stellar objects (71 planetary nebulae, 126 HII regions, 1 and 

galaxy). In addition we removed 3 T Tauri stars and 2 young OB stars. These were deleted, 

reducing the input list to 1435 ER bright stars. We further required that additional infrared 

photometry beyond that of IRAS be found for each star in either the MSX Point Source Catalog 

(Egan et al. 1999) or the Catalog of Infrared Observations (CIO), Edition 5.0 (Gezari et al. 

1999). Thirty-two stars that had no CIO or MSX photometry were also deleted, resulting m a 

fmal input list of 1403 stars. 

2.1.2 The Spectra 

All of the stellar spectra presented in Version 1.0 are a combination of observed IRAS LRS 

spectra (Ohion & Raimond 1986) and SKY4 library spectra (Cohen 1993,1994). The LRS 

spectra meaningfully cover the spectral range from 7.67 |jm to 22.74 ym and consist of two 

independent, overlapping segments. The spectral resolution, non-imiform sample interval, and 

photometric noise differ in the two segments. The absolute spectral irradiance of the LRS 

spectrum is set by normalization of the integral of the observed spectrum, weighted by the 

spectral response of the IRAS 12 |am detector, to the mean irradiance observed in the IRAS 12 

fim band. Thus the LRS spectrum is brought into the stellar calibration context to within the 

uncertainties of the noise in the integration process and the error of the IRAS 12 jim in-band 

irradiance, the latter usually being dominant. 

SKY4 is an analytical model describing the statistical distribution of point sources within our 

galaxy. Its purpose is to predict counts of point sources versus limiting irradiance observed at 

any specific wavelength (or band) along an arbitrary, but given, line-of-sight through the 
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Figure C-1. LRS and Two Candidate Spectra Over-Plotted With the Available Photometry. The crosses are 
the LRS spectrum.  The dashed curve is the SKY 4 spectrum defined by the coordinates of the star in the 
[12- 25), (25-60] nm color plane. The solid curve is the SKY 4 spectrum selected by the "best-fit" criterion to 
the LRS. This is a good example in which short wavelength photometry resolves the ambiguity. Diamonds 
are points from CIO photometry, squares are from IRAS. 

galaxy. SKY uses a library of spectra for 87 classes of objects to achieve its wavelength 

flexibility. These spectral shapes cover the range 2 urn to 35 ^m, are tabulated at 0.1 ^im 

intervals, and were constructed from observed spectral fragments and model stellar atmospheres. 

In the AFBSC Version 1 the SKY spectra are spliced to the calibrated LRS spectra to create 

hybrid spectra extending from 2 fim to 35 |am. This process makes maximum use of the 

observed LRS spectra for each star to allow for intrinsic variations of spectral shape that occur 

within a given spectral class. 

Each star must be placed in one of the 87 SKY4 spectral classes to select the proper SKY 

spectrum to splice to the LRS. MK spectral types were used for those stars with measurements 
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in the visible spectrum and previously classified. The remainder of the stars were initially 

classified by their position in the [12]-[25], [25-60] color-color plane (Walker & Cohen 1988). 

A second classification was made by least-squares fitting the LRS data to all the 87 spectra of the 

SKY4 library. The SKY spectrum with minimimi variance from the LRS was considered an 

alternate possibility. In those cases where the two classifications differed, resolution was sought 

by examining the trends of short and long wavelength photometry. This was an interactive 

procedure, wherein the SKY spectra and available photometry were displayed with the LRS 

spectrum (Figure Cl). With the photometry as guidance the "most reasonable" of the two SKY 

spectra was selected along with the wavelengths for the long and short wavelength splices 

(Figure C2). At this point the candidate star was rejected from the catalog if the photometry did 

not offer a clear choice between spectra, or if neither of the SKY spectra provided a good fit to 

the observed LRS spectrum. An additional 235 stars were rejected by this procedure. The final 

choice of spectral class is given in the header of each spectrum file. 

IRAS, MSX, and CIO photometry were used in developing the AFBSC Version 1. As 

discussed m Section 2.1.1 above, the absolute spectral irradiance of the LRS spectrum was set by 

normalization to the mean irradiance observed in the ERAS 12 |jm band. This normalization 

established the irradiance scale for the entire 2 to 35 |4m spectrum through splicing of the long 

and short SKY spectrum segments to the LRS. The rest of the photometry was used as a guide to 

spectrum selection and to estimate the magnitude of the star's irradiance variability. 

IRAS and MSX photometry are defined within the calibration context described in Section 

1.0. However, the photometry given in the CIO is, at best, an inhomogeneous collection of 

measurements referenced to a variety of photometric "standards" whose absolute irradiance 

values have been revised repeatedly during the ensuing years. Furthermore, no measurement 

uncertainties are tabulated in the CIO. 

The CIO photometry must be brought mto the calibration context common to IRAS and 

MSX. A reliable re-calibration of this photometry requires knowledge of the complete 

instrumental spectral response, atmospheric extinction at the time and place of observation, the 
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standards used, their assumed irradiances, and the photometric errors. We are searching the 

literature for this information; however, at present we do not have it. Faced with a choice of 
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Figure C-2. The Final Spectrum of the Star after Selection of the AGBM05 SKY 4 Spectrum and Splicing to 
the LRS. As before, the crosses are the LRS, and the solid line is the extrapolation using the SKY 4 spectrum. 

discarding the CIO data, usLig it as is, or using it after performing "zero-order" caHbration, we 

opted for the latter. This would not have been a good choice if we had wished to use the 

photometry to establish the irradiance scale of the spectra. AFBSC Version 1 uses IRAS to fix the 

irradiance scale. CIO and MSXphotometry are used only to guide spectru.n selection and 

estimate variability. 

We chose a monochromatic approach to the re-calibration in which we assumed that the 

wavelength tabulated in the CIO was the isophotal wavelength appropriate to the measurement 

passband when observing an AOV star. This assumption can lead to a significant source of error 

in the re-calibrated fluxes of different spectral types. Amplitude data in the CIO are given in a 
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wide range of units (flux, flux density, magnitudes, etc.) corresponding to the units tabulated in 

the original reference. Codes are included in the CIO to specify the units of the amplitude. 

Amplitudes were converted to spectral irradiance at the isophotal wavelength using the code. If 

the amplitude was given in magnitudes it was converted assuming that zero magnitude had been 

adopted for Vega (AOV), and that the magnitudes had been derived from the ratios of the 

observed monochromatic flux of the star to that of Vega at the isophotal wavelength. This 

process was carried out for all 1403 stars in our list. It produced 22867 "zero-order" calibrated 

photometric measurements. 

We next searched the CIO for measurements of our model (2: Cohen et al. 1992a), composite 

(12: Cohen et al. 1996), and template (422) calibration stars (Cohen et al. 1999) that were 

observed at the same time as the 1403. Correction factors were derived from comparison of the 

spectral irradiances predicted for these calibration stars by the above procedure with those 

measured. By this technique we were able to improve the values of 60% of the above 22867 

measurements. For most reference sets multiple observations were available and mean factors 

and their standard deviations (a) were derived. Typical values of a were a few percent. 

Seventeen factors with a > 15% were excluded. 

All the photometry found for each star is included in the header of the spectrum file. Our 

conversion to spectral irradiance is also tabulated there. 

2.1.3   Spectral Irradiance and Spectral Irradiance Uncertainties 

As described in Sections 2.1.1 and 2.1.2, the absolute spectral uradiance of the LRS spectrum 

(-7.67 (xm to 22.74 |j,m) is determmed by normalization to the mean IRAS 12 ^m in-band flux. 

This calibration is extrapolated to cover the range 2 to 35 |xm by splicmg segments of SKY4 

spectra to both long and short LRS wavelengths. Splicing is done interactively. The spectra are 

displayed and the wavelengths for the splices selected. The SKY spectrum is sampled at three 

overlapping LRS wavelengths at each end, and the median scale factors and their variance 

determined for the splice. The spectra are then redisplayed and may be iterated to produce the 
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smoothest fit. Selecting the wavelength of the splice to exclude a region of excess noise in the 

LRS spectrum is permitted. 

Uncertainties in the spectral irradiance arise from: 1) the error in the mean IRAS in-band flux, 

2) noise in the LRS spectrum, 3) errors in the splices, 4) errors in the shape of the SKY4 

spectrum chosen, and 5) error in the absolute spectral irradiance of the standard star, Vega. All 

of these error sources, with the exception of the shape errors in the SKY4 spectra, are included in 

our estimates of the spectral irradiance uncertainties. We use the uncertainty IRAS provides 

with each of its measurements ("RELUNC"). We calculate the noise in the blue and red 

segments of the LRS spectra separately, since these usually differ. Splice errors were calculated 

along with the splicing scale factors. The absolute error in the Vega flux is 1.45% (Cohen et al. 

1992a). 

The spectra of stars are expected to vary continuously throughout a given spectral class, and 

thus will differ fi-om any specific spectrum chosen to represent that class. Given enough samples 

of the spectra of the class the variance could be determined. This has not been done for the 

SKY4 spectra, and this source of error has not been included in our estimates of the spectral 

irradiance uncertainties. 

2.1.4   Variability 

As previously noted, variability of the majority of the IR-bright stars is the foremost problem 

to be addressed if these objects are to be accepted as reliable calibrators. It is quite likely that 

both the shape of the spectrum and overall irradiance level vary with the phase of the star's light 

curve. The LRS spectrum representing the star is actually a mean spectrum composed of 

measurements taken at different times (different phases) during the 300 days that IRAS was 

active. It is thus a poorly determined mean spectrum of the star for the epoch 1983, and we 

would not expect it necessarily to be representative in detail of the spectrum taken at any other 

epoch. 
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To date, only a few stars have adequate infrared photometry throughout a complete light 

cycle. Even fewer have spectral observations as a function of phase. It is not possible at this 

time for us to make a comprehensive assessment of the spectral variations of each star in the 

AFBSC Version 1. We have chosen instead to provide an estimate of the inagnitude of the 

problem, star by star, based on the absolute deviation of the available photometry from the 

spectrum that we have selected to represent that star. This method's only virtue is that it uses the 

observations; however, it suffers from a number of deficiencies. 

First, we have not been able to place all the photometry into a consistent calibration context. 

We have also not been able to evaluate the errors in the original photometry nor have we 

accounted for additional errors that we have introduced in our re-calibration process. For 

example, comparison of data at incorrect isophotal wavelengths can infroduce significant errors, 

as can neglect of possible "beam-size" effects. The estimate of variability we provide will 

therefore be some sort of upper-limit to the expected deviations, since photometric uncertainties 

are included. 

MSX photometry was taken during 1996/97, while the CIO photometry spans 1964-1997. 

Typical periods for IR bright variables are hundreds of days. If a star has a large number of 

photometric observations, the chances are good that we have samples near both maximum and 

minimum phases, and our estimate of the range of variability is valid. A star with only a few 

photometric observations is likely to not be sampled over its entire amplitude, and we will have 

imderestimated its variability. 

We consider a star to be variable if: A) it is listed in the General Catalog of Variable Stars 

(GCVS), B) if the IRAS PSC2 VAR flag is greater than or equal to 50, C) if the median absolute 

deviation of the photometry from the spectrum is greater than 15%'^ or D) if the star was 

classified as an AGB star. The third criterion was added when it became obvious from the 

photometry that a number of variable stars were not being classified as variable by the first two 

criteria. Stars with no visual counterpart do not appear in the GCVS. Stars that were 

'^ The mean of the median absolute deviations of the photometry observed for 10 composites (standards) was 5.4 ± 
1.9 %, yielding a conservative threshold at the mean + 5a from the mean, that is, 14.9 » 15 %. 
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inadequately sampled by IRAS (ex: 2HC0N vs 3HC0N sky) fail the second criterion. Using the 

above rules, 90% of the stars in the AFBSC Version 1 were classified as variables. 

The actual measure of spectral variability that we have adopted and tabulated in the spectrum 

files resulted from a linear fit to the upper envelope of the absolute deviations versus wavelength, 

the fit being constrained to not fall below a threshold at the median absolute deviation. Figure C3 

is an example of a typical variability curve. We expect the real spectral variability to be much 

more complex than can be represented by a linear relationship. For example, one might expect 

to observe greater amplitude of variability within spectral emission and absorption features than 

in the stellar continuum. The measure we have given is at best crude, however, it serves as a 

warning to the user to be aware that the star is variable and that the irradiance observed at any 

future epoch may differ from that tabulated in the spectrum file. In many cases, the tabulated 

variability is a useful upper and lower bound (±) to the expected range of irradiance variations. 

ao 

I 
S 60 
i 

20 

Vonobility 
I  I I I  I I  I I I  f 

Vbriobility of 18475-1-0926 
I I I I I  I 

10 15 
Wavelenath (um) 

Medkm AbMlute Deviation « 

20 

25.0323 

25 

Figure C-3.  A Typical Variability Curve. The solid line is a linear least squares fit 
weighted to approximate an upper envelope fit to the absolute deviations of the 
photometry from the adopted spectrum. A threshold is applied at the level of 
the median absolute deviation. 
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2.1.5 The Catalog 

The AFBSC Version 1 consists of 1118 ASCII files, one for each cataloged star, plus this 

Explanatory Supplement. The files are divided into three sub-directories; VDocumentation, 

\Spectra, and \Standards. The 1083 files in \Spectra are written in the format discussed in the 

following Section 2.1.6, while those m \Standards are in the formats in which they were 

originally published. 

The catalog contains the following: 

a) 116 non-variable stars of which 35 are previously published "standards" 

b)66 Kill stars 

c) 1002 variable stars 

d) 801 AGB stars - 572 are oxygen-rich stars and 229 are carbon stars 

e) 440 stars classified variable due to their listing in the GCVS 

f) 453 stars classified variable by IRAS 

g) 797 stars classified variable because they exceeded the 15% median absolute deviation 

threshold. 

Thirty-five stars fi-om our previously published models, composites and templates are zero 

magnitude or brighter at 12 ^un. These have been included in the AFBSC Version 1, \Standards 

in their original published forms. Table Cl lists these stars and relates the spectrum file name to 

the IRAS name. 

2.1.6 Format of the AFBSC Version 1 Spectrum Files 

The names of the spectrum files in the \Spectra subdirectory were constructed fi-om the star's 

IRAS name plus a letter designatmg the source of the name and an extension consisting of the 

AFBSC and its Version number. For example: 00254-1156_P.AFBSC1; 00254-1156 is the 

IRAS name, the P indicates that the name originated in the IRAS PSC2 catalog, and the AFBSC 1 

labels this as a spectrum file of AFBSC Version 1. 
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Table C-1. Previously Released Calibrated Stellar Spectra of Stars Brighter than Zero Magnitude. 

MODELS COMPOSITES TEMPLATES 
STAR FILE STAR FILE STAR FILE 

(IRAS Name) (IRAS Name) GRAS Name) 

06429-1639 acma0791.cmp 04330+1624 atau0392.cmp 00238-4234 HD2261.tem 
18352+3844 alyT0791.cmp 07422+2808 bgem0994.cmp 00376+5615 HD3712.tem 

08214-5920 ecarl295.cmp' 00410-1815 HD4128.tem 
09251-0826 ahyal294.cmp 02043+2313 HD12929.tem 
10193+4145 muuma0496.cmp 04537+3305 HD31398.tem 
12283-5650 gcru0396.cmp" 05033-2226 HD32887.tem 
14133+1925 aboo0997.cmp 07276-4311 HD59717.tem 
16433-6856 atral295.cmp * 09180+3436 HD80493.tem 
17554+5129 gdral295.cmp 09297-5648 HD82668.tem 
23013+2748 bpeg0392.cmp 10154-6104 HD89388.tem 

11284+6936 HD100029.tem 
13495+3441 HD 120933.tern 
14037-3607 HD123139.tem 
15186-3604 HD136422.tem 
16117-0334 HD 146051.tern 
16433-6856 HD150798.tem 
16469-3412 HD151680.tem 
17133+3651 HD 156283 .tern 
19438+1029 HD 186791.tern 
19565+1921 HD189319.tem 
20442+3347 HD197989.tem 
22150-6030 HD2114I6.tem 
22274+4726 HD213310.tem 

Notes: 
1. All of the above spectra are part of Release 2.1 of the Air Force Calibration Atlas which can be obtained in its 

totality directly from Dr. Mike Egan, Air Force Research Laboratory, L. G. Hanscom Air Force Base, MA. 
01731. Email: egan(5),pldac.plh.afmil 

2. These ASCII files are in different formats than the AFBSC Version 1 spectrum files. Information pertaining to 
the construction of the calibrated spectra is contained in the header as is explanatory data for the format and 
content of the tabulated quantities. 

3. The spectrum (ecarl295.cmp) is incomplete, covers 2.9 pm to 35.0 jun. 
4. The spectrum (gcru0396.cmp) is incomplete, covers 3.95 |im to 35.0 ^m. 
5. The spectrum (atral295.cmp) is incomplete, covers 2.9 \an to 35.0 jmi. For complete spectral coverage use the 

template spectrum HD150798.tern 

The AFBSC Version 1 spectrum files consist of an extensive header identifying the star and 

the spectrum chosen to represent it, mformation relating to the production of the spectrum, and 

the basis for its variability status. Next is a list of all the photometry found for that star in the 
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IRAS, MSX, and CIO catalogs with our spectral irradiance conversions at the tabulated 

wavelengths. The bulk of the information is self explanatory, however. The CIO photometry 

section also includes three additional columns headed Code, Reference, and Star Names. The 

Code defines the quantity tabulated in the Magnitude column (see CIO Addition 5 for a complete 

listing). The Reference column contains a number identifying the original source of the data. 

The CIO Addition 5 gives the complete list of reference papers. The final column lists some 

additional names for the star in question. 

Following the header is the adopted spectrum tabulated in four columns. The first column is 

the wavelength (|j,m), the second is the spectral irradiance (W cm'^ \mx^), the third is the 

uncertainty (la) in the spectral irradiance, expressed as a percentage of the irradiance, and the 

fourth column is the variability, also expressed as a percentage of the spectral irradiance. 

The data span 2.0 \im to 35.0 nm. They are tabulated at 0.1 \xm intervals outside of the 

wavelength region occupied by the LRS. The Irniits of this region differ fi-om one spectrum to 

another due to truncation of noisy or imusable portions of the LRS during the splicing process. 

Within the LRS the wavelength intervals are those of the original, non-uniform, samples. 

Spectral irradiances and uncertainties are for the epoch (9 February - 22 November, 1983) of 

the IRAS LRS spectrum. The variability column is based on photometry that might have been 

observed at any time during 1964 to 1997. The data in the variability column are considered 

bounds, both upper and lower, on the expected range of the star's variability. These data are to 

be interpreted and applied as follows: if A>, is the fiactional variability^, Ox is the fi-actional 

irradiance imcertainty^, and Fx(to) is the spectral uradiance at the LRS epoch°, then the spectral 

irradiance F;,(t) any other tune can be expected to be 

(1-Ax) Fx(to) < Fx(t) (l±ax) < (1+Ax) Fx(to). 

A sample spectrum file is given in Appendix A. 

^ The value in column 4 of the spectrum divided by 100. 
^ The value in column 3 of the spectrum divided by 100. 
° The value in column 2 of the spectrum. 
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Appendix A. Sample Spectrum FUe 

IRAS PSC Name: 23587+6004 
Coiranon Star Name: WZ CAS 
Spectral Class/Category: AGBC03 

Air Force Bright Spectral Catalog (AFBSC) Version 1.0 
Date and Time Spectriom Processed: May 29 14:43:55 2000 
LRS Spectrum Used: 23587+6004.tst 

Variability Data 

We consider a star to be variable if it satisfies any of the following 
criteria: 1) it is listed in the General Catalog of Variable Stars (GCVS), 

or 2) if the IRAS PSC2 VAR flag is greater than or equal to 50, 
or 3) if the median absolute deviation of the photometry from the 

spectrum is greater than 15%, 
or 4) if the star is classified as an AGB star. 

Variable Star Listed in GCVS,   WZ CAS 
Variable AGB Star 
Variable, Median Absolute Deviation > 15 % 
Mean Absolute Deviation = 81.14 92 % 
Median Absolute Deviation =       60.1009 % 
Maximum Absolute Deviation =      330.112 % 

Photometry Found 

Infrared Astronomical Satellite (IRAS) Working Survey Database (WSDB) 
Entries for each hours confirmed observation: 

Wavelength  Irradiance     Flux Density Uncertainty 
(microns)    (w/cm2/um)        (Janskys)        (%) 
10.84     8.776e-017         43.07 6.0 
22.58     5.958e-018 13.26 7.0 
10.84      9.055e-017 44.44 9.0 
22.58     6.841e-018 15.23        10.0 
10.84      9.128e-017 44.80 8.0 
22.58     5.628e-018 12.53        10.0 

Midcourse Space Experiment (MSX) Point Source Catalog, Version 1.2 
See Egan. M.P. et al. 1999, The Midcourse Space Experiment Point 
Source Catalog Version 1.2 Explanatory Guide, Air Force Research 
Laboratory Technical Report, AFRL-VS-TR 1999-1522 

Wavelength  Irradiance 
(microns)    (w/cm2/um) 

4.29     2.541e-015 
4.35     2.677e-015 
8.28     2.484e-016 

12.13     5.876e-017 
14.65     2.398e-017 
21.41     7.847e-018 

Catalog of Infrared Observations, Edition 5, Gezari D.Y., Pitts P.S., 
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Schmitz M.,1999 available from NSSDC 11/225: 
Wavelength Irradiance Magnitude Code Reference Star Names 
(microns) (w/cm2/um) (see code) 

2.20 1.620e-014 1.040 M 850004 WZ CAS 
2.20 2.240e-014 224.000 F 761005 WZ CAS 
2.20 2.300e-014 0.600 C 650101 WZ CAS 
2.20 2.640e-014 0.490 M 690001 IRC+60433 
2.25 2.210e-014 0.570 M 810001 WZ CAS 
2.25 2.520e-014 0.410 M 761005 WZ CAS 
2.25 2.640e-014 0.430 M 800712 WZ CAS 
2.28 2.230e-014 0.540 M 790401 AFGL 3196 
3.12 4.870e-015 0.980 M 810001 WZ CAS 
3.40 5.920e-015 59.200 F 761005 WZ CAS 
3.50 4.440e-015 0.500 M 800213 AFGL 3196 
3.50 4.750e-015 0.460 M 710203 WZ CAS 
3.50 5.0706-015 0.340 C 650101 WZ CAS 
3.50 5.510e-015 55.100 F 761005 WZ CAS 
3.50 5.520e-015 0.230 M 790401 AFGL 3196 
3.70 5.110e-015 0.240 M 810001 WZ CAS 
4.20 3.390e-015 0.100 M 830610 RAFGL 3196 
4.90 1.160e-015 0.540 C 710203 WZ CAS 
4.90 1.200e-015 0.500 M 800213 AFGL 3196 
4.90 1.360e-015 0.360 M 790401 AFGL 3196 
4.90 1.440e-015 14.400 F 761005 WZ CAS 
8.40 1.860e-016 0.230 C 710203 WZ CAS 
8.40 1.9106-016 0.200 M 800213 AFGL 3196 
8.40 2.300e-016 0.000 M 790401 AFGL 3196 
8.40 2.3506-016 2.350 F 761005 WZ CAS 

11.00 1.0606-016 1.060 F 761005 WZ CAS 
11.00 9.3406-017 -0.040 C 710203 WZ CAS 
11.20 7.3606-017 0.000 M 800213 AFGL 3196 
11.20 8.5706-017 -0.160 M 790401 AFGL 3196 
12.50 5.100e-017 -0.030 M 790401 AFGL 3196 

The Spectrum 

Wavelength Irradiance 
(microns) (w/cm2/um) 

2.00 8.5896-015 
2.10 8.273e-015 
2.20 7.7986-015 
2.30 6.1386-015 
2.40 5.0086-015 
2.50 3.9596-015 
2.60 4.0196-015 
2.70 3.8216-015 
2.80 3.9506-015 
2.90 3.2836-015 
3.00 2.0766-015 
3.10 1.947e-015 
3.20 2.3656-015 
3.30 2.811e-015 
3.40 3.0106-015 
3.50 2.8206-015 
3.60 2.6196-015 

Irradiance 
Uncertainty Variability 

(%) 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 
98 

(%) 
256.4 
253.2 
250.0 
246.8 
243.6 
240.4 
237.2 
234.0 
230. 
227. 
224. 
221. 
218. 
214. 
211.7 
208.5 
205.3 
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3.70 2.357e-015 7.98 202.1 
3.80 2.019e-015 7.98 199.0 
3.90 1.859e-015 7.98 195.8 
4.00 1.772e-015 7.98 192.6 
4.10 1.866e-015 7.98 189.4 
4.20 1.850e-015 7.98 186.2 
4.30 1.508e-015 7.98 183.0 
4.40 1.283e-015 7.98 179.8 
4.50 1.097e-015 7.98 176.6 
4.60 9.837e-016 7.98 173.4 
4.70 8.839e-016 7.98 170.3 
4.80 7.805e-016 7.98 167.1 
4.90 7.372e-016 7.98 163.9 
5.00 6.746e-016 7.98 160.7 
5.10 6.534e-016 7.98 157.5 
5.20 6.015e-016 7.98 154.3 
5.30 5.855e-016 7.98 151.1 
5.40 5.874e-016 7.98 147.9 
5.50 5.845e-016 7.98 144.7 
5.60 6.421e-016 7.98 141.5 
5.70 6.398e-016 7.98 138.4 
5.80 6.509e-016 7.98 135.2 
5.90 6.182e-016 7.98 132.0 
6.00 6.048e-016 7.98 128.8 
6.10 5.785e-016 7.98 125.6 
6.20 5.510e-016 7.98 122.4 
6.30 5.164e-016 7.98 119.2 
6.40 4.818e-016 7.98 116.0 
6.50 4.417e-016 7.98 112.8 
6.60 4.237e-016 7.98 109.7 
6.70 3.980e-016 7.98 106.5 
6.80 3.601e-016 7.98 103.3 
6.90 3.297e-016 7.98 100.1 
7.00 3.132e-016 7.98 96.9 
7.10 2.971e-016 7.98 93.7 
7.20 2.778e-016 7.98 90.5 
7.30 2.887e-016 7.98 87.3 
7.40 2.713e-016 7.98 84.1 
7.50 2.740e-016 7.98 80.9 
7.60 2.681e-016 7.98 77.8 
7.67 2.583e-016 9.41 75.4 
7.86 2.489e-016 9.41 69.3 
8.05 2.325e-016 9.41 63.5 
8.23 2.207e-016 9.41 60.1 
8.40 2.096e-016 9.41 60.1 
8.58 2.025e-016 9.41 60.1 
8.74 1.991e-016 9.41 60.1 
8.91 1.933e-016 9.41 60.1 
9.07 1.865e-016 9.41 60.1 
9.23 1.772e-016 9.41 60.1 
9.38 1.658e-016 9.41 60.1 
9.53 1.593e-016 9.41 60.1 
9.68 1.526e-016 9.41 60.1 
9.83 1.475e-016 9.41 60.1 
9.97 1.412e-016 9.41 60.1 

10.11 1.350e-016 9.41 60.1 
10.25 1.330e-016 9.41 60.1 
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10.39 1.277e-016 9.41 60.1 
10.53 1.226e-016 9.41 60.1 
10.66 1.156e-016 9.41 60.1 
10.79 1.102e-016 9.41 60.1 
10.92 1.043e-016 9.41 60.1 
11.05 9.944e-017 9.41 60.1 
11.18 9.346e-017 9.41 60.1 « 
11.30 8.689e-017 9.41 60.1 
11.43 8.068e-017 9.41 60.1 
11.55 7.757e-017 9.41 60.1 
11.67 7.326e-017 9.41 60.1 
11.79 6.820e-017 9.41 60.1 
11.91 6.128e-017 9.41 60.1 
12.03 5.777e-017 9.41 60.1 
12.14 5.460e-017 9.41 60.1 
12.26 5.288e-017 9.41 60.1 
12.37 4.983e-017 9.41 60.1 
12.48 4.689e-017 9.41 60.1 
12.59 4.390e-017 9.41 60.1 
12.70 4.308e-017 9.41 60.1 
12.79 4.020e-017 14.11 60.1 
13.09 3.635e-017 14.11 60.1 
13.41 3.169e-017 14.11 60.1 
13.72 2.919e-017 14.11 60.1 
14.03 2.589e-017 14.11 60.1 
14.33 2.500e-017 14.11 60.1 
14.62 2,448e-017 14.11 60.1 
14.90 2.445e-017 14.11 60.1 
15.18 2.192e-017 14.11 60.1 
15.46 1.946e-017 14.11 60.1 
15.73 1.992e-017 14.11 60.1 
15.99 1.837e-017 14,11 60.1 
16.26 1.661e-017 14.11 60.1 
16.51 1.631e-017 14.11 60.1 
16.77 1.622e-017 14.11 60.1 
17.02 1.451e-017 14.11 60.1 
17.26 1.161e-017 14.11 60.1 
17.50 1.141e-017 14.11 60.1 
17.74 1.222e-017 14.11 60.1 
17.98 1.179e-017 14.11 60.1 
18.10 1.137e-017 10.99 60.1 
18.20 1.115e-017 10.99 60.1 
18.30 1.094e-017 10.99 60.1 
18.40 1.074e-017 10.99 60.1 
18.50 1.056e-017 10.99 60.1 
18.60 1.040e-017 10.99 60.1 Sr 

18.70 1.025e-017 10.99 60.1 
18.80 l.OlOe-017 10.99 60.1 
ie.90 9.932e-018 10.99 60.1 
19.00 9.761e-018 10.99 60.1 
19.10 9.582e-018 10.99 60.1 
19.20 9.398e-018 10.99 60.1 
19.30 9.213e-018 10.99 60.1 
19.40 9.030e-018 10.99 60.1 
19.50 8.849e-018 10.99 60.1 
19.60 8.673e-018 10.99 60.1 
19.70 8.502e-018 10.99 
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19.80 8.336e-018 10.99 60.1 
19.90 8.177e-018 10.99 60.1 
20.00 8.026e-018 10.99 60.1 
20.10 7.884e-018 10.99 60.1 
20.20 7.751e-018 10.99 60.1 
20.30 7.627e-018 10.99 60.1 
20.40 7.509e-018 10.99 60.1 
20.50 7.396e-018 10.99 60.1 
20.60 7.283e-018 10.99 60.1 
20.70 7.168e-018 10.99 60.1 
20.80 7.051e-018 10.99 60.1 
20.90 6.930e-018 10.99 60.1 
21.00 6.807e-018 10.99 60.1 
21.10 6.680e-018 10.99 60.1 
21.20 6.553e-018 10.99 60.1 
21.30 6.426e-018 10.99 60.1 
21.40 6.303e-018 10.99 60.1 
21.50 6.187e-018 10.99 60.1 
21.60 6.080e-018 10.99 60.1 
21.70 5.981e-018 10.99 60.1 
21.80 5.889e-018 10.99 60.1 
21.90 5.801e-018 10.99 60.1 
22.00 5.714e-018 10.99 60.1 
22.10 5.627e-018 10.99 60.1 
22.20 5.537e-018 10.99 60.1 
22.30 5.448e-018 10.99 60.1 
22.40 5.358e-018 10.99 60.1 
22.50 5.270e-018 10.99 60.1 
22.60 5.184e-018 10.99 60.1 
22.70 5.095e-018 10.99 60.1 
22.80 5.016e-018 10.99 60.1 
22.90 4.938e-018 10.99 60.1 
23.00 4.862e-018 10.99 60.1 
23.10 4.787e-018 10.99 60.1 
23.20 4.714e-018 10.99 60.1 
23.30 4.642e-018 10.99 60.1 
23.40 4.571e-018 10.99 60.1 
23.50 4.502e-018 10.99 60.1 
23.60 4.434e-018 10.99 60.1 
23.70 4.367e-018 10.99 60.1 
23.80 4.301e-018 10.99 60.1 
23.90 4.237e-018 10.99 60.1 
24.00 4.174e-018 10.99 60.1 
24.10 4.112e-018 10.99 60.1 
24.20 4.051e-018 10.99 60.1 
24.30 3.992e-018 10.99 60.1 
24.40 3.933e-018 10.99 60.1 
24.50 3.876e-018 10.99 60.1 
24.60 3.819e-018 10.99 60.1 
24.70 3.764e-018 10.99 60.1 
24.80 3.709e-018 10.99 60.1 
24.90 3.656e-018 10.99 60.1 
25.00 3.603e-018 10.99 60.1 
25.10 3.552e-018 10.99 60.1 
25.20 3.501e-018 10.99 60.1 
25.30 3.451e-018 10.99 60.1 
25.40 3.402e-018 10.99 60.1 
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25.50 3.354e-018 10.99 60.1 
25.60 3.307e-018 10.99 60.1 
25.70 3.261e-018 10.99 60.1 
25.80 3.215e-018 10.99 60.1 
25.90 3.171e-018 10.99 60.1 
26.00 3.127e-018 10.99 60.1 
26.10 3.083e-018 10.99 60.1 
26.20 3.041e-018 10.99 60.1 
26.30 2.999e-018 10.99 60.1 
26.40 2.958e-018 10.99 60.1 
26.50 2.918e-018 10.99 60.1 
26.60 2.878e-018 10.99 60.1 
26.70 2.839e-018 10.99 60.1 
26.80 2.801e-018 10.99 60.1 
26.90 2.763e-018 10.99 60.1 
27.00 2.726e-018 10.99 60.1 
27.10 2.689e-01B 10.99 60.1 
27.20 2.653e-018 10.99 60.1 
27.30 2.618e-018 ■ 10.99 60.1 
27.40 2.584e-018 10.99 60.1 
27.50 2.549e-018 10.99 60.1 
27.60 2.516e-018 10.99 60.1 
27.70 2.483e-018 10.99 60.1 
27.80 2.450e-018 10.99 60.1 
27.90 2.418e-018 10.99 60.1 
28.00 2.387e-018 10.99 60.1 
28.10 2.356e-018 10.99 60.1 
28.20 2.326e-018 10.99 60.1 
28.30 2.296e-018 10.99 60.1 
28.40 2.266e-018 10.99 60.1 
28.50 2.237e-018 10.99 60.1 
28.60 2.209e-018 10.99 60.1 
28.70 2.181e-018 10.99 60.1 
28.80 2.153e-018 10.99 60.1 
28.90 2.126e-018 10.99 60.1 
29.00 2.099e-018 10.99 60.1 
29.10 2.073e-018 10.99 60.1 
29.20 2.047e-018 10.99 60.1 
29.30 2.021e-018 10.99 60.1 
29.40 1.996e-018 10.99 60.1 
29.50 1.971e-018 10.99 60.1 
29.60 1.947e-018 10.99 60.1 
29.70 1.923e-018 10.99 60.1 
29.80 1.899e-018 10.99 60.1 
29.90 1.876e-018 10.99 60.1 
30.00 1.853e-018 10.99 60.1 
30.10 1.831e-018 10.99 60.1 
30.20 1.809e-018 10.99 60.1 
30.30 1.787e-018 10.99 60.1 
30.40 1.765e-018 10.99 60.1 
30.50 1.744e-018 10.99 60.1 
30.60 1.723e-018 10.99 60.1 
30.70 1.702e-018 10.99 60.1 
30.80 1.682e-018 10.99 60.1 
30.90 1.662e-018 10.99 60.1 
31.00 1.642e-018 10.99 60.1 
31.10 1.623e-018 10.99 60.1 
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31.20 1.604e-018 10.99 60.1 
31.30 1.585e-018 10.99 60.1 
31.40 1.566e-018 10.99 60.1 
31.50 I.548e-018 10.99 60.1 
31.60 1.530e-018 10.99 60.1 
31.70 1.512e-018 10.99 60.1 
31.80 1.495e-018 10.99 60.1 
31.90 1.477e-018 10.99 60.1 
32.00 1.460e-018 10.99 60.1 
32.10 1.444e-018 10.99 60.1 
32.20 1.427e-018 10.99 60.1 
32.30 1.411e-018 10.99 60.1 
32.40 1.395e-018 10.99 60.1 
32.50 1.379e-018 10.99 60.1 
32.60 1.363e-018 10.99 60.1 
32.70 1.348e-018 10.99 60.1 
32.80 1.333e-018 10.99 60.1 
32.90 1.318e-018 10.99 60.1 
33.00 1.303e-018 10.99 60.1 
33.10 1.288e-018 10.99 60.1 
33.20 1.274e-018 10.99 60.1 
33.30 1.260e-018 10.99 60.1 
33.40 1.246e-018 10.99 60.1 
33.50 1.232e-018 10.99 60.1 
33.60 1.219e-018 10.99 60.1 
33.70 1.205e-018 10.99 60.1 
33.80 1.192e-018 10.99 60.1 
33.90 1.179e-018 10.99 60.1 
34.00 1.166e-018 10.99 60.1 
34.10 1.154e-018 10.99 60.1 
34.20 1.141e-018 10.99 60.1 
34.30 1.129e-018 10.99 60.1 
34.40 1.116e-018 10.99 60.1 
34.50 1.104e-018 10.99 60.1 
34.60 1.093e-018 10.99 60.1 
34.70 1.081e-018 10.99 60.1 
34.80 1.069e-018 10.99 60.1 
34.90 1.058e-018 10.99 60.1 
35.00 1.047e-018 10.99 60.1 
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